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7KHZRUNLQWKLV WKHVLV LV WKDWXQGHUWDNHQE\WKHDXWKRUH[FHSWZKHUH LQGLFDWHGE\












UHVXOWLQJ LPDJHV VKRZ D TXDGUDWLF SKDVH UROO LQ WKH UHDGRXW GLUHFWLRQ ZLWK QR
UHGXFWLRQLQPDJQLWXGHRULPDJHDUWHIDFWV$UHGXFWLRQLQSHDNSRZHURIPRUHWKDQ




KHQFHQHHGEHRI ORZHUEDQGZLGWKZKLOH WKHRYHUDOOH[FLWDWLRQ LVXQFKDQJHG 7KH












$QG\ 3HWHUV  $OVR IRU FRXQWOHVV RWKHU ELWV RI YLWDO DGYLFH DQG NQRZOHGJH , DP
LQGHEWHGWRPDQ\
, KDYH DOVR KDG WKH EHQHILW RI YLVLWLQJ 6LPRQ 'RUDQ LQ WKH 5R\DO 0DUVGHQ DQG
OHDUQLQJIURPKLVH[SHULHQFHVZLWKWKHWHFKQLTXH
,DPJUDWHIXOWRPDQ\IRUWKHLUYHU\JRRGFRPSDQ\WR5DFKHO6DUDKDQG$OLVRQIRU







7KH GHYHORSPHQW RI PDJQHWLF UHVRQDQFH LPDJLQJ KDV SURYLGHG FOLQLFLDQV ZLWK D
YHUVDWLOHWRROIRUDVVHVVLQJDQGPRQLWRULQJWKHKHDOWKRI WKHKXPDQERG\ 6RPHRI
WKH DUHDV RI JUHDWHVW LQWHUHVW VXFK DV FDUGLDF DQG IXQFWLRQDO LPDJLQJ FDOO IRU
WHFKQLTXHVZKLFKFDQVQDSVKRWWKHERG\PDQ\WLPHVDVHFRQG/LNHZLVHDQXPEHU
RI FOLQLFDO LQYHVWLJDWLRQV DUH LPSHGHG E\ WKH HIIHFWV RI FDUGLDF DQG UHVSLUDWRU\
PRWLRQDQGKHQFHUHTXLUHIDVWLPDJLQJWHFKQLTXHV
$SRRORI WHFKQLTXHVKDVEHHQGHYHORSHG WRPHHW WKHVH UHTXLUHPHQWV (FKRSODQDU
LPDJLQJ>@WKHILUVWRIWKHIDVWWHFKQLTXHVSURYLGHVLPDJHVLQOHVVWKDQPV,W
UHOLHV RQ UDSLG VZLWFKLQJ RI WKH JUDGLHQWVZKLFK SODFHV SDUWLFXODU GHPDQGV RQ WKH
KDUGZDUH DQG OHDGV WR DFRXVWLFDOO\ QRLV\ LPDJLQJ VHTXHQFHV  )XUWKHUPRUH LW LV
SURQH WR LPDJH GLVWRUWLRQ DQG VLJQDO GURSRXW UHVXOWLQJ IURP ILHOG LQKRPRJHQHLWLHV
VXVFHSWLELOLW\ GLIIHUHQFHV DQG FKHPLFDO VKLIWV  6LPLODU SUREOHPV DIIHFW RWKHU
JUDGLHQWEDVHG WHFKQLTXHV VXFK DV WKHPXOWLVKRW WHFKQLTXHV )/$6+>@ DQG ),63
>@ZKLFKDOVRDUHQRWDVIDVWDQGWRVRPHH[WHQW5$5(>@DOVRZKLFKDGGLWLRQDOO\
UHTXLUHV PXOWLSOH q SXOVHV DQG KHQFH KDV D KLJK SRZHU GHSRVLWLRQ  $W KLJK
PDJQHWLF ILHOGV WKHVH HIIHFWVEHFRPHPRUH VHYHUHDQGDOWHUQDWLYH VWUDWHJLHVZLOO EH
QHHGHG
,Q DQ5)EDVHG LPDJLQJ WHFKQLTXH FDOOHG%8567ZDV ILUVW GHVFULEHG>@  ,W
FRQVLVWV RI D WUDLQ RI VKRUW5)SXOVHVZKLFK DUH WKHQ UHIRFXVVHG WR JLYH D WUDLQ RI
HFKRHVZLWK RQO\ OLWWOH VZLWFKLQJ RI WKH JUDGLHQWV ,W VWDQGV RXW DV DQ DFRXVWLFDOO\
TXLHW WHFKQLTXH DQ XQXVXDO IHDWXUH DPRQJ LPDJLQJ PHWKRGV  +RZHYHU LWV PDLQ
GLVDGYDQWDJH LV WKDW LV KDV DQ LQKHUHQWO\ ORZ 615 FRPSDUHG ZLWK RWKHU UDSLG
WHFKQLTXHV,QWKHHDUO\WRPLGQLQHWLHVWKHVHTXHQFHZDVVXFFHVVIXOO\RSWLPLVHGE\
DQXPEHU RI JURXSV DQG WKH FXUUHQW%8567 VHTXHQFHV KDYH DPXFK LPSURYHG LI
VWLOOFRPSDUDWLYHO\ORZ615
,Q UHFHQW \HDUV LQWHUHVW LQ %8567 KDV IDGHG DQG LW KDV JHQHUDWHG RQO\ D IHZ
RFFDVLRQDOSXEOLFDWLRQV +RZHYHUZLWK WKH LQFUHDVLQJ LQWHUHVW LQKLJK ILHOGKXPDQ
LPDJLQJ%8567ZRXOGVHHPWREHDSRWHQWLDOO\XVHIXOWHFKQLTXHZKLFKFDQEHQHILW
IURP WKH VLJQDO LPSURYHPHQWV RI KLJKHU ILHOGV ZLWKRXW VXIIHULQJ WKH SUREOHPV RI
JUDGLHQWEDVHG WHFKQLTXHV  7KH 6(%8567 WHFKQLTXH > @ LQ ZKLFK SXUH VSLQ
HFKRHVDUHDFTXLUHGZRXOGEHH[SHFWHGWRSURGXFHOHVVGLVWRUWHGLPDJHVHYHQDWYHU\
KLJKILHOGV2IWKHZRUNVRIDUSUHVHQWHGRIKXPDQVWXGLHVRQZKROHERG\V\VWHPV




QRYHO VWUDWHJ\ LV SUHVHQWHG IRU FRQWUROOLQJ WKH SXOVH HQYHORSH$OVR WKH5)SRZHU
GHPDQGV ZHUH IRXQG WR UHVWULFW WKH LPSOHPHQWDWLRQ RI WKH RSWLPLVHG %8567
VHTXHQFH 7ZR VWUDWHJLHV DUH SUHVHQWHGZKLFK WRJHWKHU DUH DEOH WR RYHUFRPH WKHVH
GLIILFXOWLHV






$QRYHOPHWKRGIRUFRQWUROOLQJ WKHSXOVH WUDLQHQYHORSH LVSUHVHQWHG LQ&KDSWHU
7KLV OHDGVWRDQLPSURYHPHQW LQ WKHVLJQDOEXWZLWKDZRUVHQLQJRI WKHUHVROXWLRQ
7KHJDLQVWREHPDGHDQGWKHOLPLWVWRWKHWHFKQLTXHDUHH[SORUHGLQWKLVFKDSWHU
)UHTXHQF\PRGXODWHGSXOVHVKDYHEHHQXVHGWRRYHUFRPHWKHFRQVWUDLQWRIDOLPLWHG
SHDN 5) SRZHU  ,Q &KDSWHU  WKH WKHRU\ RI WKHVH SXOVHV LV GHVFULEHG DQG WKHLU
FRQVHTXHQFHVIRU%8567DUHGLVFXVVHG
)LQDOO\ D IXUWKHU PRGLILFDWLRQ LV JLYHQ LQ &KDSWHU  ZKLFK EULQJV VXEVWDQWLDO
UHGXFWLRQVWRWKHWRWDOSRZHUGHSRVLWLRQ7KHLQWURGXFWLRQRIDWLPHYDU\LQJJUDGLHQW
EULQJV WKHVSHFLILFDEVRUSWLRQUDWH 6$5ZLWKLQ WKHDOORZHG UDQJH 7KH WHFKQLTXH
IRUWUDQVIRUPLQJWKH5)SXOVHVWRSUHVHUYHWKHUHVSRQVHRIWKHVSLQVLVDOVRSUHVHQWHG
 5HIHUHQFHV
 0DQVILHOG 3 0XOWL3ODQDU ,PDJH )RUPDWLRQ XVLQJ 105 6SLQ (FKRHV
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K\SHUILQH VWUXFWXUH RI DWRPLF VSHFWUD ZDV GXH WR DQ LQWHUDFWLRQ EHWZHHQ WKLV
SRVWXODWHGPDJQHWLFPRPHQWDQGWKHRUELWLQJHOHFWURQ1LQH\HDUVODWHUWKHQXFOHDU
PDJQHWLF PRPHQW ZDV PHDVXUHG E\ (DVWHUPDQQ DQG 6WHUQ >@ DQG E\ )ULVFK DQG
6WHUQ>@IURPWKHGHIOHFWLRQRIDPROHFXODUEHDPWKHPHWKRGXVHGHDUOLHUE\6WHUQ
DQG*HUODFK>@ LQ WKHLU UHQRZQHGH[SHULPHQWVRQ WKHDWRPLFPDJQHWLFPRPHQW
5DELDQGFROOHDJXHV>@ODWHULQPDGHPXFKPRUHDFFXUDWHPHDVXUHPHQWVRI
QXFOHDU PDJQHWLF PRPHQWV ZLWK WKH LQFRUSRUDWLRQ RI D UHVRQDQW 5) ILHOG LQWR WKH
GHIOHFWLRQPHWKRG7KHOHDSWRWKHVROLGVWDWHZDVPDGHDWWKHHQGRIE\WZR
JURXSV ZRUNLQJ LQGHSHQGHQWO\  3XUFHOO DQG KLV FROOHDJXHV >@ GHWHFWHG UHVRQDQW
DEVRUSWLRQ LQ VROLG SDUDIILQ ZKLOH LQ  %ORFK¶V ODE D PHWKRG WHUPHG µQXFOHDU
LQGXFWLRQ¶ >@ ZDV XVHG WR GHWHFW UHVRQDQFH LQ ZDWHU  )URP WKHVH IRUPDWLYH
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ZKHUH%2LVWDNHQWREHDORQJ]
7KHHQHUJ\EHWZHHQVWDWHVLVJLYHQE\
3û %( !  
7UDQVLWLRQVEHWZHHQWKHGLIIHUHQWHQHUJ\VWDWHVFDQEHLQGXFHGE\WKHDSSOLFDWLRQRI
DQ RVFLOODWLQJ PDJQHWLF ILHOG  4XDQWXP PHFKDQLFDO VHOHFWLRQ UXOHV GLFWDWH WKDW
WUDQVLWLRQVFDQRQO\WDNHSODFHEHWZHHQDGMDFHQWHQHUJ\OHYHOVKHQFHWKHUHLVDVLQJOH





+RZHYHU WKLV UDGLDWLRQ FDQ LQGXFH ERWK DEVRUSWLYH DQG HPLVVLYH WUDQVLWLRQV ZLWK







































































YHU\ VPDOO DPRXQW  ,W FDQ EH IXQGDPHQWDOO\ LQFUHDVHG HLWKHU E\ UHGXFLQJ WKH
WHPSHUDWXUH RI OLPLWHG FOLQLFDO XVH RU E\ LQFUHDVLQJ%V  7KH REVHUYHG VLJQDO LV
SURSRUWLRQDOWRWKHQHWPDJQHWLVDWLRQZKLFKGHSHQGVRQWKHGLIIHUHQFHLQSRSXODWLRQV






VSLQò QXFOHL IRU ZKLFK WKH SUHGLFWLRQV RI WKH FODVVLFDO DQG WKH TXDQWXPPRGHOV
DJUHHH[DFWO\7KHWRUTXH/LVJLYHQE\







   &% u u 
GW
G
ZKHUH %&   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,Q DQ105 H[SHULPHQW LW LV WKH QHW HIIHFW RI DOO WKH VSLQV LQ WKH VDPSOHZKLFK LV
REVHUYHG  7KH VXP RI WKH LQGLYLGXDO PDJQHWLF PRPHQWV JLYHV 0 WKH EXON
PDJQHWLVDWLRQ
¦ 0  
7KH PRWLRQ RI0 LV WKH VDPH DV WKDW RI  D SUHFHVVLRQ DERXW% GHVFULEHG E\
(TXDWLRQ




7KH PDJQLWXGH RI0 LQ WKH SUHVHQFH RI DQ DSSOLHG ILHOG LV WKDW SUHGLFWHG E\ WKH
TXDQWXPPHFKDQLFDOPRGHODERYHVHH6HFWLRQ
 5RWDWLQJ)UDPHRI5HIHUHQFH
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WKHV\VWHP  ,QTXDQWXPPHFKDQLFDO WHUPV WKLV LVHTXLYDOHQW WR LQGXFLQJ WUDQVLWLRQV
EHWZHHQWKHHQHUJ\VWDWHV
 5HOD[DWLRQ
2QFH WKHPDJQHWLVDWLRQ LVPRYHGRXWRI HTXLOLEULXP LWZLOO EH FRQWLQXRXVO\GUDZQ
EDFN WR LWV HTXLOLEULXP SRVLWLRQ E\ SURFHVVHV WHUPHG UHOD[DWLRQ  7KH ORQJLWXGLQDO
FRPSRQHQWRI00}H[SHULHQFHVVSLQODWWLFHUHOD[DWLRQZKHUHE\WKHHQHUJ\RIWKH
VSLQVDUHJUDGXDOO\H[FKDQJHGZLWKWKHVXUURXQGLQJV7KHWUDQVYHUVHFRPSRQHQWRI
0 0~ H[SHULHQFHV VSLQVSLQ UHOD[DWLRQZKHUHE\ VSLQV GHSKDVH LQ WKH WUDQVYHUVH
SODQHFDXVLQJ0~WRGLPLQLVK
7KH PDLQ PHFKDQLVP ZKLFK FDXVHV UHOD[DWLRQ LQ ZDWHU LV EDVHG RQ GLSROHGLSROH
LQWHUDFWLRQV2QDPLFURVFRSLFOHYHOHDFKVSLQH[SHULHQFHVQRWRQO\WKHPDLQILHOG
EXWDOVRDFRPSOLFDWHGVPDOOIOXFWXDWLQJILHOGZKLFKDULVHVIURPRWKHUGLSROHVLQWKH
YLFLQLW\  ,Q D ZDWHU PROHFXOH WKH GLSRODU ILHOG DW WKH VLWH RI RQH SURWRQ LV




7KRVH IUHTXHQF\FRPSRQHQWVRI WKH WUDQVYHUVH ORFDO ILHOGZKLFKPDWFK WKH/DUPRU
IUHTXHQF\ZLOO LQGXFH WUDQVLWLRQVEHWZHHQ WKH VSLQV VWDWHVRI WKHQXFOHL MXVW DV WKH

DSSOLHG5)DOVR LQGXFHG WUDQVLWLRQV 7KLV LV WKHEDVLVRI WKH UHWXUQRI WKH VSLQV WR
WKHLU HTXLOLEULXPSRVLWLRQ 7 UHOD[DWLRQPHFKDQLVP  ,Q JHQHUDO WKH UHWXUQ RI WKH





G  000 
 









H[FLWDWLRQ SXOVH DOO WKH VSLQV ZLOO KDYH WKH VDPH SKDVH  7KHQ DV HDFK VSLQ
H[SHULHQFHV WKH IOXFWXDWLRQV LQ WKH ORFDO ILHOG WKHSUHFHVVLRQUDWHVRI WKH VSLQVZLOO
YDU\DQGWKH\ZLOODFFXPXODWHGLIIHUHQWSKDVHV2YHUWLPHWKHLQGLYLGXDOVSLQVZLOO












 00  
 7KH%ORFK(TXDWLRQV
7KHHIIHFWVRIUHOD[DWLRQFDQEHLQFRUSRUDWHGLQWRWKHHTXDWLRQIRUWKHPDJQHWLVDWLRQ























7KLV HTXDWLRQ FDQ EH IXUWKHU PRGLILHG WR WDNH DFFRXQW RI RWKHU HIIHFWV VXFK DV
GLIIXVLRQ  ,Q JHQHUDO WKH DWWHQXDWLRQ GXH WR GLIIXVLRQ WDNHV WKH IRUP RI DQ
H[SRQHQWLDO GHFD\  7KH SUHFLVH IRUP GHSHQGV RQ WKH FKRLFH RI JUDGLHQWV DQG
































































WLPH 7KHQ OLQH VFDQ WHFKQLTXHVPDGH XVH RI VHOHFWLYH LUUDGLDWLRQ WR UHWULHYH GDWD
IURPVLQJOHOLQHVRIWKHLPDJH7KHLVRODWLRQRIWKHOLQHRILQWHUHVWZDVDFKLHYHGE\D
FRPELQDWLRQ RI 5) SXOVHV VXFK DV XVHG LQ WKH VHOHFWLYH UHIRFXVVLQJ PHWKRG RI





ZLWK WKLV PHWKRG E\ /DXWHUEXU >@  $W D VLPLODU WLPH 0DQVILHOG DQG *UDQQHOO







,Q 05, ILHOG LQKRPRJHQHLWLHV DUH IRU WKH PRVW SDUW FRQVLGHUHG D KLQGUDQFH
GHJUDGLQJ LPDJHV DQG UHGXFLQJ VLJQDO  2Q WKH RWKHU KDQG D FRQWUROODEOH ILHOG
YDULDWLRQ LV WKHNH\ WR HQDEOLQJ GLVFULPLQDWLRQ EHWZHHQ UHJLRQV RI WKH VDPSOH DQG
WKHUHE\WKHJHQHUDWLRQRIDQLPDJH7KHVLPSOHVWYDULDWLRQLVDOLQHDULQFUHDVHLQRQH
GLUHFWLRQ  $V GHVFULEHG LQ WKH SUHYLRXV FKDSWHU WKH VSLQV SUHFHVV DW D UDWH
SURSRUWLRQDO WR WKH ILHOG WKH\ H[SHULHQFH DQG LQ WKLV FDVH WKLV OHDGV WR D OLQHDU
LQFUHDVH LQ/DUPRU IUHTXHQF\DQGD OLQHDU LQFUHDVH LQSKDVHZLWK WLPH +HQFHD

ILHOG JUDGLHQW FDQ EH XVHG WRPDS WKH SRVLWLRQV RI VSLQV WR SUHFHVVLRQ IUHTXHQFLHV
ZKLFK DUH REVHUYHG LQ WKH GHWHFWHG 5) VLJQDO  ,Q D VLPLODU VHQVH WKH VHOHFWLYH
UHVSRQVHRIGLIIHUHQWIUHTXHQFLHVRIVSLQWRDQDSSOLHG5)SXOVHFDQEHWUDQVODWHGWRD
VHOHFWLYH SRVLWLRQDO UHVSRQVH E\ XVH RI D ILHOG JUDGLHQW DJDLQ  7KLV LV WHUPHG


































,ID OLQHDU ILHOGJUDGLHQW LQ WKHVDPHGLUHFWLRQDV WKHPDLQILHOG LVDSSOLHG WKH ILHOG
YDULHVZLWKSRVLWLRQDV
È




 É ÌÍ ]*%&   

7KH UHVSRQVH WR DQ\5) SXOVH YDULHVZLWK WKH IUHTXHQF\ RIIVHW RI WKH VSLQV  7KH
























































ZKHUH WKH 5) SXOVH &ç H[WHQGV IURP ±7 WR 7 DQG Ö è&)  LV WKH )RXULHU
WUDQVIRUPRI&ç
7KHUHIRUH IRU VPDOO IOLS DQJOHV WKH UHVSRQVH RI WKH VSLQV LV DSSUR[LPDWHO\




,ID UHFWDQJXODUVOLFHRIVSLQV LV WREHH[FLWHG WKLVZRXOG UHTXLUH D VLQFSURILOH5)
SXOVH  ,Q SUDFWLFH WKHUH DUH OLPLWDWLRQV RQ WKH GXUDWLRQV RI WKH SXOVHV WKDW FDQ EH
XVHG  2WKHU WHFKQLTXHV FDQ EH XVHG WR WDLORU WKH H[DFW UHVSRQVH RI WKH VSLQV DV
UHTXLUHG
(TXDWLRQ  DERYH DOVR GHVFULEHV WKH UHTXLUHPHQW RI D UHIRFXVVLQJ JUDGLHQW  ,Q
JHQHUDOLIWKH5)SXOVHLVV\PPHWULFLQDPSOLWXGHDQGDQWLV\PPHWULFLQSKDVHLHLW
GLVSOD\V+HUPLWLDQ V\PPHWU\ LWV )RXULHU WUDQVIRUPZLOO KDYH FRQVWDQW SKDVH  )RU
H[DPSOHDQ\HYHQUHDOSXOVHIXOILOVWKLVFRQGLWLRQ7KHQWKHRQO\FRQWULEXWLRQWRWKH






















































































































7KH SULPDU\ WHFKQLTXH IRU HQFRGLQJ DORQJ IXUWKHU VSDWLDO GLPHQVLRQV LV WKDW RI
)RXULHUHQFRGLQJRQFHDJDLQ5DWKHUWKDQFKDQJHWKHDQJOHRIWKHSURMHFWLRQD[LVWKH
VDPHD[LVLVPDLQWDLQHGWKURXJKRXWEXWSULRUWRDFTXLULQJHDFKSURMHFWLRQWKHVSLQV
DUH ILUVW HQFRGHG DORQJ WKH RUWKRJRQDO D[LV 7KLV JLYHV D SURMHFWLRQ RI )RXULHU
FRPSRQHQWVIURPZKLFKDIXOO'VHWRI)RXULHUGDWDFDQEHEXLOWXS



























&RQVLGHU WKH HYROXWLRQ RI VSLQV DORQJ WKH [ GLUHFWLRQ  $GMDFHQW VSLQV SUHFHVV DW
VOLJKWO\GLIIHUHQWIUHTXHQFLHVDQGWKLVSURGXFHVDSKDVHUROORUZLQGLQJRIWKHVSLQV
DORQJ WKH JUDGLHQW GLUHFWLRQ  7KLV \LHOGV D VLJQDO SURSRUWLRQDO WR WKH )RXULHU
FRPSRQHQWDW WKHVSDWLDOSHULRGRI WKHSKDVHZLQGLQJ  ,Q WKLVZD\ WKHHQFRGLQJ LV
DFKLHYHG E\PRGXODWLQJ WKH SKDVHV RI WKH VSLQV ± KHQFH µSKDVH HQFRGLQJ¶ 0RUH






  0DWKHPDWLFDOO\ WKLV LV WDQWDPRXQW WR IUHTXHQF\ PRGXODWLRQ
























































7KH)RXULHU FRPSRQHQWVZKLFK DUH UHDG RXW GHVFULEH D IXQFWLRQ LQ NVSDFHZKLFK
FDQWKHQEHLQYHUWHGWRJLYHWKHVSLQGLVWULEXWLRQ7KHJUDGLHQWVDUHXVHGWRYDU\WKH
NFDQGNGFRPSRQHQWVDQGWKHUHE\VWHHUDSDWKWKURXJKNVSDFH,WLVQRWSRVVLEOHWR
DFTXLUH D FRQWLQXXP RI GDWD SRLQWV LQ NVSDFH EXW LQVWHDG WKH GDWD LV GLVFUHWHO\









RI WKH )DVW )RXULHU 7UDQVIRUP ))7 DOJRULWKP  7KH FRQVHTXHQFHV RI WKLV IRU WKH
UHFRQVWUXFWHGLPDJHFDQEHXQGHUVWRRGIURPVDPSOLQJWKHRU\
'LVFUHWHVDPSOLQJ
&RQVLGHUD'IXQFWLRQJNZKLFK LV VDPSOHGDW LQWHUYDOVûN 7KLV LVGHVFULEHG
PDWKHPDWLFDOO\ DV D PXOWLSOLFDWLRQ E\ D FRPE IXQFWLRQ D SHULRGLF WUDLQ RI /
IXQFWLRQV  7KH )RXULHU WUDQVIRUP RI WKH VDPSOHG IXQFWLRQ LV JLYHQ E\ WKH






















7KLVZLOO UHVXOW LQ DQ RYHUODS EHWZHHQ DGMDFHQW IXQFWLRQV XQOHVV*[ LV FRQWDLQHG
ZLWKLQDUDQJHHTXDOWRûNWKHVDPSOLQJIUHTXHQF\,IJNUHSUHVHQWVDVLJQDOLQ
WLPH VDPSOHG DW LQWHUYDOVûW WKHQ*[ KDV WR KDYH D EDQGZLGWK QR JUHDWHU WKDQ
ûW  7KLV GHWHUPLQHV WKH ILHOGRIYLHZ )R9 RI WKH LPDJH  ,Q SUDFWLFH

































IXQFWLRQ DQG WRS KDW IXQFWLRQ DERYH FDQ EH XVHG WR GHVFULEH WKH EDVLF %8567
H[FLWDWLRQ  7KHUHIRUH DQDO\VLV RI %8567 LQ WKH OLQHDU UHJLPH LQYROYHV LGHQWLFDO
H[SUHVVLRQVDVLVGHVFULEHGLQODWHUVHFWLRQV
 ,PDJH6HTXHQFHV
7KHUH DUH YDULRXV VWUDWHJLHV IRU PDSSLQJ RXW NVSDFH  0RVW LPDJLQJ VHTXHQFHV
UHFRUG NVSDFH GDWD DW &DUWHVLDQ JULG SRLQWV ZKLFK FDQ WKHQ EH HDVLO\ )RXULHU
WUDQVIRUPHG,PDJLQJVHTXHQFHVPLJKWVFDQDFURVVDVLQJOHOLQHRINVSDFHDWDWLPH
UHH[FLWLQJ WKH VSLQV EHWZHHQ VXFFHVVLYH DFTXLVLWLRQ ± VRFDOOHG PXOWLVKRW









































/RZ$QJOH6KRWVHTXHQFH>@ LQZKLFK WKHJDLQ LQ LPDJLQJVSHHG LVRIIVHWE\D
UHGXFWLRQ LQ 615  ,Q WKLV VHTXHQFH WKH ORQJLWXGLQDO PDJQHWLVDWLRQ UHDFKHV DQ
HTXLOLEULXPYDOXHVKRUWRI0ZKHUH WKH UHFRYHU\RI0EHWZHHQH[FLWDWLRQSXOVHV
H[DFWO\PDWFKHVWKHORVVRI0GXHWRWKHSXOVHV0RUHJHQHUDOO\WKHUHLVDIDPLO\RI




7KH 5$5( 5DSLG $FTXLVLWLRQZLWK 5HOD[DWLRQ (QKDQFHPHQW VHTXHQFH >@ XVHV
qSXOVHV WRFRQWLQXRXVO\ UHF\FOH WKHPDJQHWLVDWLRQ DIWHU HDFK WUDYHUVH DFURVVN
VSDFH7KHVLJQDODWWHQXDWLRQLVSULPDULO\GXHWR7 7KHPXOWLSOHQXPEHURIq
SXOVHVUHVXOWVLQDKLJK5)SRZHUUHTXLUHPHQW




GXH WR ERWK7 	 7

  6XVFHSWLELOLW\ HIIHFWV FDQ OHDG WR JHRPHWULF GLVWRUWLRQ DQG





WKDWRI VSLUDO VFDQ LPDJLQJ >@ 6WDUWLQJ DW WKH FHQWUHRINVSDFH D VSLUDO URXWH LV
WDNHQSDVVLQJILUVW WKURXJKWKHORZIUHTXHQFLHVFORVH WR WKHFHQWUH WKHQPRYLQJ WR
WKHKLJKHUIUHTXHQFLHV 7KLVPDNHVJHQWOHUGHPDQGVRQ WKHJUDGLHQWVKRZHYHU WKH




DSSOLFDWLRQ RI PXOWLSOH 5) SXOVHV  $ VKRUW WUDLQ RI 5) SXOVHV LV DSSOLHG LQ WKH
SUHVHQFHRIDQLQSODQHJUDGLHQW (DFKSXOVHVSOLWV WKHPDJQHWLVDWLRQ LQWRGLIIHUHQW
SRROVZKLFKHYROYHLQGLYLGXDOO\WRJLYHULVHWRHFKRHV7KLVDQDO\WLFDOSHUVSHFWLYHLV






SXOVHV DV SRVVLEOH WR JHQHUDWH VXIILFLHQW HFKRHV WR FRYHU NVSDFH FKRRVLQJ WKH
LQWHUSXOVH VSDFLQJV VR WKDW QR HFKRHV DUH VXSHUSRVHG  ,Q JHQHUDO WKH HFKRHV ZLOO













































WUDLQ VSOLWV WKH HYROYLQJPDJQHWLVDWLRQ LQWR D QXPEHU RI VHSDUDWH FRPSRQHQWV $V
GHVFULEHGHDUOLHU WKLVFDQ UHVXOW LQYHU\PDQ\HFKRHV IDUPRUH WKDQ WKHQXPEHURI
SXOVHV  7KLV LV QRW WKH FDVH LQ %8567  )LUVWO\ WKH LQGLYLGXDO IOLS DQJOHV DUH









µPLUURU¶ HFKRHV WKRVHGHVFULEHGDERYH DQG WKH\ DUHQRWXVHG IRU DFTXLULQJ LPDJH
GDWD=KD	/RZH>@GHVFULEHPRUHIXOO\WKHVHGLIIHUHQWHFKRHV
7KH DPSOLWXGHV DQG SKDVHV RI WKH REVHUYHG HFKRHV GHSHQG RQ WKH GLIIHUHQW
FRPSRQHQWHFKRHVSUHVHQW $WORZIOLSDQJOHVVSLQHFKRHVIRUPUHVXOWLQJIURPWKH
LQWHUDFWLRQ RI H[FLWDWLRQ SXOVHV ZLWK WKH q SXOVH  7KHVH DUH WHUPHG SULPDU\





GHSHQGRQWKHSKDVHVRI WKHLUJHQHUDWLQJSXOVHV DQGVRDUH LQJHQHUDOGLIIHUHQW WR
WKHSULPDU\HFKRSKDVHV+HQFHWKHDPSOLWXGHRIWKHFRPSRVLWHHFKRLVORZHUWKDQ
WKDWRIWKHSULPDU\HFKRDORQH+RZHYHUIXUWKHUGHYHORSPHQWVRI%8567KDYHOHG
WRDQXPEHURI WHFKQLTXHVIRUSKDVHPRGXODWLQJ WKH5)SXOVHV >@ZKLFK WXUQ
WKHVH GHVWUXFWLYH LQWHUIHUHQFHV LQWR FRQVWUXFWLYH RQHV WKHUHE\ LPSURYLQJ WKH
HIILFLHQF\RIWKHVHTXHQFH








FDOLEUDWLRQ UXQ DQG DFTXLULQJ HFKRHV LQ WKH DEVHQFH RI D SKDVH HQFRGLQJ JUDGLHQW
ZKLFK ZRXOG SURYLGH GDWD IRU FRUUHFWLQJ WKH HFKRHV LQ DQ LPDJLQJ H[SHULPHQW




$QRWKHUZD\ WR RYHUFRPH WKLV SUREOHPRI%º LQKRPRJHQHLW\ LV WR XVH RQO\ SXOVHV
ZLWKSKDVHVRIHLWKHUqRUqVRWKDWKLJKHURUGHUHFKRHVZLOOKDYHWKHVHSKDVHV
DOVR  ,Q WKLV ZD\ WKH SKDVH YDULDWLRQ FDQ EH HOLPLQDWHG EXW WKHUH ZLOO VWLOO EH
YDULDELOLW\ LQ WKH FRQWULEXWLRQV RI WKH DPSOLWXGHV RI KLJKHU RUGHU HFKRHV WR WKH
REVHUYHGHFKRHV
 )UHTXHQF\GRPDLQ
7KH '$17( SXOVH WUDLQ WKH UHJXODUO\VSDFHG VKRUW KDUG UI SXOVHV XWLOLVHG LQ
%8567 ZDV ILUVW SURSRVHG WR RYHUFRPH OLPLWDWLRQV RI 105 VSHFWURPHWHUV
SULPDULO\ WKDW WKH WUDQVPLWWHU IUHTXHQF\ FRXOG QRW EH DGMXVWHG ILQHO\ HQRXJK IRU
FHUWDLQ H[SHULPHQWV DQG WKDW LW GLG QRW VHWWOH UDSLGO\ HQRXJK DIWHU EHLQJ VZLWFKHG
>@  7KH 5) SXOVHV KDYH D FXPXODWLYH HIIHFW H[FLWLQJ WKH PDJQHWLVDWLRQ DW WKH
WUDQVPLWWHUIUHTXHQF\DQGDWDVHULHVRIVLGHEDQGIUHTXHQFLHVGLVSODFHGSHULRGLFDOO\
HLWKHU VLGH RI WKH WUDQVPLWWHU IUHTXHQF\ ZKLOVW LQEHWZHHQ IUHTXHQFLHV H[SHULHQFH
YHU\OLWWOHH[FLWDWLRQ
)LJXUH7KHPRWLRQRIWKHPDJQHWLVDWLRQYHFWRUVLQWKHURWDWLQJIUDPHIURP>@
7KLV FDQ EH HDVLO\ YLVXDOLVHG E\ IROORZLQJ WKH PRWLRQ RI D PDFURVFRSLF
PDJQHWLVDWLRQ YHFWRU DW D IUHTXHQF\ RIIVHWû& IURP WKH WUDQVPLWWHU IUHTXHQF\&»

LJQRULQJWKHHIIHFWVRIUHOD[DWLRQ,QDIUDPHRIUHIHUHQFHURWDWLQJDW&¼WKHILUVW5)
SXOVH WLSV WKH PDJQHWLVDWLRQ YHFWRU DQ DQJOH D DERXW WKH [ D[LV DQG WKLV WKHQ
SUHFHVVHV DERXW WKH ] D[LV WKURXJK DQ DQJOH  û&2  7KH QH[W5)SXOVH WLSV WKH
PDJQHWLVDWLRQ IXUWKHU DQG WKHQ LW SUHFHVVHV DJDLQ  2Q UHVRQDQFH DV WKHUH LV QR
SUHFHVVLRQ WKLV SURGXFHV D FXPXODWLYH WLSSLQJ HIIHFW ZKLFK DOVR RFFXUV DW
IUHTXHQFLHV GLVSODFHG E\û& Q2 ZKHUH Q LV DQ LQWHJHU IURP WKH WUDQVPLWWHU
IUHTXHQF\$WWKHVHIUHTXHQFLHVWKHSUHFHVVLRQFDUULHVWKHPDJQHWLVDWLRQDQLQWHJUDO
QXPEHU RI UHYROXWLRQV DERXW WKH ] D[LV EHWZHHQ VXFFHVVLYH 5) SXOVHV  $W
IUHTXHQFLHV LQEHWZHHQ WKHVH UHVRQDQFHVû& Q2ZKHUH JLYHV WKH H[FHVV
DQJOH RI SUHFHVVLRQ EHWZHHQ 5) SXOVHV WKHPDJQHWLVDWLRQ LV FDUULHG SURJUHVVLYHO\
IXUWKHU DZD\ IURP WKH <= SODQH DQG KHQFH WKLV UHVXOWV LQ D OHVVHU FXPXODWLYH
H[FLWDWLRQ$WVPDOOIUHTXHQF\RIIVHWVWKHPDJQHWLVDWLRQYHFWRUVFXUODZD\IURPWKH
<= SODQH DQG IDOO VKRUW RI WKH ;< SODQH DQG DW PRUH GLVWDQW IUHTXHQFLHV WKH
PDJQHWLVDWLRQYHFWRUPDNHVVPDOODSSUR[LPDWHO\FLUFXODUWUDMHFWRULHVFORVHWRWKH]
D[LVDVVKRZQ




VHTXHQFH LV HTXDO WR WKH VSDFLQJ RI WKH VLGHEDQGV ZKHUHDV WKH QDUURZ VWULSV RI
H[FLWDWLRQ DOORZ IRU D VXESL[HO ORFDOLVDWLRQ RI WKH VSLQV 7KLV KDV EHHQ XVHG LQ D
PLFURVFRSLFLPDJLQJWHFKQLTXHGHYHORSHGE\7DQLJXFKLHWDO>@
,W LV WKH PRWLRQ RI WKH PDJQHWLVDWLRQ YHFWRU DW WKH ILUVW VLGHEDQG
IUHTXHQF\ ZKLFK JLYHV WKH '$17( VHTXHQFH LWV QDPH  ,Q WKH VHFRQG
VHFWLRQ RI 'DQWH $OLJKLHUL





WLS RI WKH PDJQHWLVDWLRQ YHFWRU DW WKH ILUVW VLGHEDQG IUHTXHQF\ DOEHLW









XQLIRUP VR WKDW HYHQ DW VSHFWUDO SHDN WKH WRWDO QXWDWLRQ LV QRW WRR IDU EH\RQG
>@






















































































7KH)RXULHU WUDQVIRUP LVGHWHUPLQHGE\ WKH FRQYROXWLRQ WKHRUHP 7KLV VKRZV WKDW
WKH H[FLWDWLRQ UHVXOWV LQ D SHULRGLF WUDLQ RI QDUURZ VLQF IXQFWLRQV PRGXODWHG E\ D
EURDG VLQF IXQFWLRQ  ,Q WHUPV RI LPDJLQJ WKH VSLQV DUH H[FLWHG LQ QDUURZ SODQHV
WKURXJKWKHVDPSOH7KHQWKHqSXOVHVHOHFWVVSLQVLQDQRUWKRJRQDOSODQHVRWKDW
WKH H[FLWHG VSLQV OLH LQ VWULSVZLWKLQ WKH LPDJLQJ SODQH 7KH VSHFWUDO ZLGWK RI WKH
VWULSV LV HTXDO WR WKH ZLGWK RI WKH QDUURZ VLQF 12 ZKHUH1 LV WKH QXPEHU RI
SXOVHVDSSOLHGDQG2LVWKHSXOVHVSDFLQJ7KHVSDFLQJRIWKHVWULSVLVHTXDOWR2
VHH)LJXUHDERYHZKLFKLVHTXDO WR1[VWULSZLGWK +HQFHRQO\1RI WKH
VSLQVDUHH[FLWHG

7KH GXUDWLRQ RI HDFK VDPSOHG HFKR GHWHUPLQHV WKH VSHFWUDO UHVROXWLRQ WKDW LV
VSHFWUDO UHVROXWLRQ   VDPSOHG HFKR GXUDWLRQ  +RZHYHU VLQFH WKH VDPSOLQJ
GXUDWLRQ LV QHFHVVDULO\ WKH VDPH DV WKH VSDFLQJ RI WKH SXOVHV  2 WKH VSHFWUDO
UHVROXWLRQ LV HTXDO WR WKH VSDFLQJRI WKH VWULSV 2  7KDW LV WKHUH LV H[DFWO\ RQH
H[FLWHG VWULS ZLWKLQ HDFK SL[HO RI WKH LPDJH 7KH EURDG VLQF IXQFWLRQ UHIOHFWV WKH
EDQGZLGWK RI WKH LQGLYLGXDO 5) SXOVHV  ,Q SUDFWLFH WKH H[FLWDWLRQ QHHGV WR EH
XQLIRUP RYHU WKH )R9 DQG WKLV FDQ EH DFKLHYHG E\ VKDSLQJ WKH 5) SXOVHV  7KLV
DQDO\VLVLVYHU\VLPLODUWRWKHGLJLWDOVDPSOLQJWKHRU\GHVFULEHGHDUOLHULQ6HFWLRQ
ZKLFKJDYHULVHWRDOLDVLQJDQGSXWDOLPLWRQWKHUHVROXWLRQ
)XUWKHUGHYHORSPHQWV LQ%8567KDYH LQWURGXFHGSKDVHPRGXODWLRQ DQG IUHTXHQF\










IL[HG JUDGLHQW  ,Q WKLV VHQVH WKH SKDVHHQFRGLQJ JUDGLHQW WLOWV VOLJKWO\ WKH RYHUDOO
RULHQWDWLRQRIWKHUHVXOWDQWJUDGLHQWDZD\IURPWKHUHDGRXWJUDGLHQW7KLVDQJOHRIWLOW
RI WKHJUDGLHQWDQGVRRI WKHSURMHFWLRQD[LV LVVXFK WKDW WKHSURMHFWLRQVLJQDODWD
SRLQW RQ WKH HFKR WUDLQ RULJLQDWHV IURP RQH DQG RQO\ RQH VWULS RI WKH H[FLWHG
PDJQHWLVDWLRQLQWKHILHOGRIYLHZDVLQGLFDWHGEHORZ,QWKLVZD\HDFKSRLQWRIWKH






































%8567 LV DQ LQWHUHVWLQJ LPDJLQJPHWKRG WKDW ZRUNV LQ D IXQGDPHQWDOO\ GLIIHUHQW
ZD\WRPRVWRWKHUPHWKRGV2QHGUDZEDFNRIWKH%8567PHWKRGLVWKDWLWSURGXFHV
LPDJHVZLWKDUHODWLYHO\ORZ615+RZHYHULQLWVIDYRXULVWKDWIDFWWKDWLWLVPXFK
OHVVGHPDQGLQJRQ WKHJUDGLHQWV WKDQRWKHU WHFKQLTXHVVXFKDV(3,ZLWK WKHDGGHG
EHQHILW RI EHLQJ DQ DFRXVWLFDOO\ TXLHW WHFKQLTXH  7KH HFKRHV DUH ERWK 7A DQG
GLIIXVLRQZHLJKWHG EXW KDYH ]HUR RU RWKHUZLVH HTXDO 7A
B
 ZHLJKWLQJ  7KLV JLYHV
%8567 D PDUNHG DGYDQWDJH RYHU JUDGLHQWEDVHG WHFKQLTXHV IRU ZKLFK GLVWRUWLRQ
DQG VLJQDO GURSRXW FDQ EH D SUREOHP HVSHFLDOO\ DW KLJK ILHOG  $OVR %8567 KDV
SRWHQWLDO DV D YROXPH LPDJLQJ WHFKQLTXH JLYHQ WKDW WKH H[FLWDWLRQ LV LQKHUHQWO\
YROXPDU$OOWKLVVXJJHVWVWKDW%8567LVEHVWVXLWHGWRKLJKILHOGZRUNKRZHYHUWKH
PDMRULW\RIZRUNSXEOLVKHGWRGDWHKDVEHHQFDUULHGRXWDW72QHLVVXHDIIHFWLQJ
%8567DWKLJK ILHOGV LV UHODWHG WR5)SRZHU UHTXLUHPHQWV IRUH[FLWDWLRQ %8567
VDWXUDWHVVSLQVRYHUDZLGHEDQGZLGWKZKLFKSXVKHVXSERWKWKHWRWDOSRZHUDQGWKH







VWLPXODWHG HFKRHV >@ RU E\ JUDGLHQW UHYHUVDOV > @  7KH HIILFLHQF\ RI WKH
WHFKQLTXHZDVJUHDWO\ LPSURYHGZLWK WKH LQWURGXFWLRQRISKDVHPRGXODWLRQ >@
DQG IUHTXHQF\ VZLWFKLQJ >@ 7KH ODWWHUZRUN DOVR XVHG GRXEOH JUDGLHQW UHYHUVDO
ZKLFKUHVXOWVLQHFKRHVZLWKHTXDO7CZHLJKWLQJ7KH%$6(YDULDQW>@LPSURYHG
RQWKH615E\XVLQJDVKRUWHU5)WUDLQZKLFKLVWKHQPXOWLSO\UHIRFXVVHGE\XVHRI
VXFFHVVLYH q SXOVHV  9ROXPH LPDJLQJ ZDV SHUIRUPHG ZLWK WKH JUDGLHQW
UHIRFXVVHG 85*(9, >@ DQG D PXOWLVOLFH YDULDQW 67($0%8567 >@ XVHG
VWLPXODWHGHFKRHVWRUHFDOOHDFKVOLFHRIVSLQV LQ WXUQ 7KH ODWWHUZRUNZDVFDUULHG
RXWDW7ZKHUHDVWKHRWKHUZRUNZDVPDLQO\FDUULHGRXWDW7
7KHLQWULQVLFGLIIXVLRQZHLJKWLQJRI WKH%8567HFKRHVKDVEHHQH[SORUHG>@
DQGXVHG LQDFTXLULQJ UDSLGGLIIXVLRQZHLJKWHG LPDJHV >@  I%8567 LV WKHQDPH
JLYHQ WR WKH IXQFWLRQDO LPDJLQJ PHWKRG FDUULHG RXW ZLWK DV\PPHWULF VSLQ HFKRHV
>@ LQZKLFK DOO HFKRHV KDYH HTXDO7C
D
ZHLJKWLQJ 2WKHUPHWKRGV LQFOXGH UDGLDO
%8567>@ LQZKLFK WKHH[FLWDWLRQJUDGLHQW LV URWDWHGGXULQJH[FLWDWLRQDQGKDOI






































































































XVHGIRU WKLVZRUN 7KHQ WKHGHYHORSPHQWDOZRUN LQ LPSOHPHQWLQJ%8567RQ WKH































































































































SSP RYHU D FP GVY IROORZLQJ VKLPPLQJ  7KH ILHOG LV VWDEOH WR  SSP SHU
KRXU,WLVXVHGSULPDULO\IRU(3,+RPHEXLOWJUDGLHQWFRLOVDUHLQVWDOOHGLQWKHERUH





D FRPELQDWLRQ RI F DQG DVVHPEOHUPDFUR LQVWUXFWLRQVZKLFK LV WKHQ FRPSLOHG LQWR
DVVHPEOHUFRGHEHIRUHEHLQJGRZQORDGHGWRWKHZDYHIRUPFRQWUROOHU 7KLVFRQVLVWV
RI VHYHUDO LQGHSHQGHQW SURFHVVRUVZKLFK FRQWURO DQG JHQHUDWH WKH JUDGLHQW DQG5)
ZDYHIRUPVIRXUSURFHVVRUVIRUWKHJUDGLHQWVRQHLVVSDUHWZRIRUWKH5)RQHIRU
VDPSOLQJ DQG RQHPDVWHU XQLW WR SURYLGH RYHUDOO FRQWURO $ XVHU LQWHUIDFH RQ WKH
FRPSXWHU DOORZV IRU DGMXVWPHQW RI VHTXHQFH SDUDPHWHUV LQ WKHVH PRGXOHV DIWHU
FRPSLODWLRQ7KHPRGXOHVFDQJHQHUDWHZDYHIRUPVZLWKDUHVROXWLRQRIVDQGWKH
VLJQDOLVVDPSOHGZLWKDVUHVROXWLRQ7KHDQDORJXHRXWSXWVIURPWKHJUDGLHQW
PRGXOHV DUH SDVVHG ILUVW WR WKH *08 *UDGLHQW0RGXODWLRQ 8QLW ZKLFK SURYLGHV
SUHHPSKDVLV FRUUHFWLRQ  7KLV DGMXVWV WKH JUDGLHQW SURILOH WR FRPSHQVDWH IRU HGG\




7KH VFDQQHU KDG QRW EHHQ SUHYLRXVO\ FRGHG IRU %8567  7KH VHTXHQFH KDV EHHQ
LPSOHPHQWHGDVVKRZQLQ)LJXUHEHORZ$VOLFHVHOHFWLYHqSXOVHVDQGZLFKHG
EHWZHHQ WZR VSRLOHU JUDGLHQW OREHV LV XVHG WR UHIRFXV WKH HFKRHV  7KH SKDVH
HQFRGLQJLVDFKLHYHGZLWKDFRQVWDQWJUDGLHQWGXULQJDFTXLVLWLRQ7KHXVHULQWHUIDFH
SURYLGHVIXOOFRQWURORYHUDOODPSOLWXGHVDQGWLPLQJVVHH)LJXUH
7KH EDVLF %8567 VHTXHQFH LPSOHPHQWDWLRQ XVHV RQRII UHFWDQJXODU SXOVHV LQ WKH
'$17( WUDLQ  7KH GXUDWLRQV DQG VSDFLQJV RI WKH SXOVHV DV ZHOO DV WKH JUDGLHQW



























































































2QHVKRUWFRPLQJRI WKHV\VWHPLV WKH OLPLWHGPHPRU\RI WKH5)PRGXOH  ,W LVQRW
SRVVLEOHWRVWRUHSKDVHPRGXODWHGSXOVHVVXFKDVFKLUSSXOVHV7KLVLVQHFHVVDU\
LI D GLIIHUHQW SKDVH RIIVHW LV UHTXLUHG IRU HDFK SXOVH  +RZHYHU WKH PXOWLSKDVH
28),6 SKDVHPRGXODWLRQ RQO\ UHTXLUHV HLJKW GLIIHUHQW SKDVH RIIVHWV LQ D  SXOVH
WUDLQ 7KLVKDVEHHQLPSOHPHQWHGE\VWRULQJWKHEDVLFVHWRIHLJKWSXOVHVDQGWKHQ
UHGLUHFWLQJEHWZHHQWKHPDVUHTXLUHG7KHRUGHURIWKHSXOVHVLVVWRUHGLQDWH[WILOH
ZKLFK LV UHDG LQ ZKHQ WKH FRGH LV FRPSLOHG 7KH DOWHUQDWLYH WR WKLV ZRXOG EH WR
H[SOLFLWO\FRGHIRUHDFKSXOVHRIWKHWUDLQKRZHYHUWKLVZRXOGEHYHU\FXPEHUVRPH
DQG LQIOH[LEOH  7KLV PHWKRG HQDEOHV PDQ\ EXW QRW DOO RI WKH SKDVH PRGXODWLRQ
WHFKQLTXHV WREH LPSOHPHQWHG )RU LQVWDQFH WKH)0%8567 WHFKQLTXH >@FDQQRW




$Q RVFLOODWRU\ JUDGLHQW LV UHTXLUHG IRU WKH WHFKQLTXH GHVFULEHG LQ &KDSWHU   )RU
WKHVH H[SHULPHQWV 9(56(WUDQVIRUPHG FKLUS SXOVHV KDYH EHHQ FDOFXODWHG IRU
GLIIHUHQW VLQXVRLGDO JUDGLHQWZDYHIRUPV $ VLQJOHSHULRG VLQXVRLGDOZDYHIRUPKDV
EHHQZULWWHQWRILOHDQGLVUHDGLQWRWKHPRGXOHVZKHQWKHFRGHLVFRPSLOHG$WUDLQ
RIJUDGLHQWZDYHIRUPVLVDSSOLHGLQSDUDOOHOZLWKWKHWUDLQRI5)SXOVHVWRJLYHDORQJ














'DWD /DQJXDJH 5HVHDUFK 6\VWHPV %RXOGHU &RORUDGR  2QFH WKH HFKR WUDLQ KDV
EHHQUHFRUGHGWKHSKDVHRIHDFKHFKRKDVWREHFRUUHFWHGDFFRUGLQJWR WKHSKDVHRI
WKH JHQHUDWLQJ SXOVH RWKHUZLVH VHYHUH DUWHIDFWV ZLOO UHVXOW  3URJUDPV KDYH EHHQ
ZULWWHQZKLFKUHDGLQWKHGDWDDQGSKDVHILOHVWKHQILUVWO\FRUUHFW IRU'&RIIVHWV WR
WKHUHDODQGLPDJLQDU\LQSXWVDQGWKHQFRUUHFWWKHSKDVHVRIWKHGDWD$QDGGLWLRQDO
RSWLRQ RI XVLQJ D VHSDUDWH GDWD VHW WR SURYLGH SKDVH FRUUHFWLRQ GDWD VRFDOOHG
µQDYLJDWRUHFKRHV¶±VHH&KDSWHUKDVEHHQLQFRUSRUDWHGLQWKHFRGH,QWKHVDPH
SURJUDP WKH )RXULHU WUDQVIRUP LV SHUIRUPHG WR UHFRQVWUXFW WKH LPDJH  )XUWKHU




ZLWK D VLPXODWLRQ RI WKH %ORFK (TXDWLRQVZKLFK KDV DOVR EHHQZULWWHQ XVLQJ ,'/
7KH VLPXODWLRQ HQDEOHV WKH FDOFXODWLRQ RI WKH ' UHVSRQVH RI VSLQV RI GLIIHUHQW
IUHTXHQFLHVDQG WKHQ WKHFDOFXODWLRQRI WKHHFKR WUDLQZLWK WKHRSWLRQRI LQFOXGLQJ










7KH VLJQDO DPSOLWXGH LQ %8567 LV ORZHU WKDQ WKDW RI RWKHU LPDJLQJ VHTXHQFHV
:KHUHDV LQ(3, WKH IXOOPDJQHWLVDWLRQ LV UHIRFXVVHG IRU HDFK HFKR LQ%8567 WKH
PDJQHWLVDWLRQ LV VSOLW EHWZHHQ WKH HFKRHV  7KLV GLYLVLRQ RI PDJQHWLVDWLRQ LV DQ
LQWULQVLFTXDOLW\RI%8567DQGLVDFRQVHTXHQFHRIWKHPXOWLSOH5)H[FLWDWLRQDWWKH









WKH DFTXLUHG HFKRHV  %\ FRQWUDVW (3, XWLOLVHV DOO WKH LQVWDQWDQHRXV 5) HQHUJ\ LQ
HDFK UHIRFXVVHG HFKR DV VLPLODUO\ GRHV 5$5(  7KH DPSOLWXGH RI WKH HFKRHV LQ
%8567 FDQ EH GHWHUPLQHG IURP RQH RI WZR DSSURDFKHV E\ FRQVLGHULQJ WKH
UHVSRQVHVRIWKHVSLQVWRWKHH[FLWDWLRQPRVWVLPSO\ZLWKWKHOLQHDUDSSUR[LPDWLRQ
DQG E\ FRQVLGHULQJ WKH HQHUJ\ LGHQWLW\ EHWZHHQ WKH IUHTXHQF\ DQG WLPH HFKR
GRPDLQ3DUVHYDO¶V7KHRUHP
,Q WKH SUHYLRXV FKDSWHU WKH OLQHDU DSSUR[LPDWLRQ ZDV XVHG WR GHVFULEH WKH
DSSUR[LPDWH UHVSRQVHRI WKH VSLQV WRD%8567H[FLWDWLRQ  ,Q WKHQH[W FKDSWHU WKH
KLJKO\ HIILFLHQF\PXOWLSKDVH28),6 VHTXHQFHZLOO EH VKRZQ WR SURGXFH VWULSV RI
H[FLWDWLRQ ZLWK VXFFHVVLYH VXEWUDLQV H[FLWLQJ VXFFHVVLYH VWULSV DFURVV HDFK SL[HO
7KHQDFFRUGLQJWRWKHUHFLSURFDO)RXULHUUHODWLRQVKLSEHWZHHQWKHH[FLWDWLRQDQGWKH
VXEVHTXHQWHFKRHVWKLVDUJXPHQWFDQEHUHYHUVHGHDFKVWULSUHVXOWVLQDVXEWUDLQRI
HFKRHV +HQFH HDFK HFKR UHVXOWV IURP WKH UHIRFXVVLQJ RI VSLQV IURPRQO\ QDUURZ

VWULSVRI WKHPDJQHWLVDWLRQDQG WKLV UHVXOWV LQDQ LQHYLWDEOH UHGXFWLRQFRPSDUHG WR
VLPXOWDQHRXVO\UHIRFXVVLQJDOOWKHPDJQHWLVDWLRQLQHFKRDPSOLWXGH7KLVUHGXFWLRQ
LVGHWHUPLQHGE\WKHIUDFWLRQDOZLGWKRIWKHVWULSVZKLFKLVJLYHQE\¥1ZKHUH1










w x1$$ { 
ZKHUH$yLVWKHDPSOLWXGHRIWKHVLQJOHHFKRUHVXOWLQJIURPWKHUHIRFXVVLQJRIDOOWKH
VSLQV
+HQFH z$1$ {{ 
DVVXPLQJWKDWWKHHFKRHVGLIIHURQO\LQDPSOLWXGHDQGQRWLQVKDSH
7KLVDQDO\VLVDOVRDVVXPHVWKDWWKHVSLQVDUHH[FLWHGHTXDOO\ZHOOZLWKERWKDVLQJOH




WKH VSLQV GXULQJ WKH ORQJ JUDGLHQW SHULRGV  &OHDUO\ WKH ODWHU HFKRHVZLOO EHPRUH
DWWHQXDWHGWKDQWKHHDUOLHURQHVDQGWKLVZLOOOLPLWWKHUDQJHRIVHTXHQFHSDUDPHWHUV





HDFK SXOVH JHQHUDWHV D FRKHUHQFH LQGHSHQGHQWO\ RI WKH RWKHU SXOVHV DV SUHYLRXVO\
GHVFULEHG E\ 'RUDQ DQG 'pFRUSV >@  7KH HIIHFWV RI ERWK WKH VOLFH DQG SKDVH



















 H66  
ZKHUH/	ûDUHWKH6WHMVNDO7DQQHUSDUDPHWHUV'LVWKHVHOIGLIIXVLRQFRHIILFLHQW






















































































































7KH JUDSK EHORZ VKRZV WKH H[SHFWHG GLIIXVLRQ DWWHQXDWLRQ EODFN OLQHV DQG 7þ







 DVVXPHG WREH LVRWURSLF DQG7 aPV 2WKHU

















































































































































7KH615 LVSORWWHGDVD IXQFWLRQRI 2 IRU WZRGLIIHUHQWQI YDOXHV   DQG IRU
GLIIHUHQW UHVROXWLRQV   PP  ,W VKRXOG EH QRWHG WKDW WKLV FDOFXODWLRQ RQO\
FRQVLGHUVDWWHQXDWLRQDQGGRHVQRWDFFRXQWIRUWKHGLIIHUHQFHVLQSL[HOYROXPHVDQG
KHQFHLQ WKHQXPEHURIFRQWULEXWLQJVSLQV IRUGLIIHUHQW UHVROXWLRQV 7KHUHIRUH WKH
JUDSK EHORZ GRHV QRW HQDEOH GLUHFW FRPSDULVRQV WR EH PDGH EHWZHHQ GLIIHUHQW
UHVROXWLRQVH[FHSWLQWKHSRVLWLRQVRIWKHPD[LPDVLQFHWKHFXUYHVRQO\GLIIHUE\DQ
RPLWWHGUHVROXWLRQUHODWHGVFDOLQJIDFWRU
)LJXUH   615 (TXDWLRQ DV D IXQFWLRQ RI 2 IRU GLIIHUHQW UHVROXWLRQV DQG IRU
GLIIHUHQWNJSRVLWLRQV

































LW FDQ EH VHHQ WKDW WKLV LV WKH VDPH LQ ERWK WKHVH FDVHV DQG WKHUHIRUH WKH 7d
DWWHQXDWLRQ LV DOVR  7KLV VXJJHVWV WKDW WKH 7d RI WKH REMHFW DORQH GHWHUPLQHV WKH
RSWLPXP 7( DQG WKHUHE\ 2 DOVR  )LJXUH  RQ S VKRZV WKDW GLIIXVLRQ
FRQWULEXWHV IDU OHVV WR WKH DWWHQXDWLRQ WKDQ 7d UHOD[DWLRQ IRU Q OHVV WKDQ  WKH





























7e PV7( PVZLWK Ws PVDV LQH[SHULPHQWV )RURWKHU WLVVXHV LQ WKH
KXPDQERG\7e LV VKRUWHU OHDGLQJ WRPRUH UDSLG VLJQDO DWWHQXDWLRQ DQG VKRUWHU 7(
WLPHV  $W KLJKHU UHVROXWLRQV  PP WKH GLIIXVLRQ DWWHQXDWLRQ ZLOO EH PRUH
VLJQLILFDQWVHH(TXDWLRQKRZHYHU)LJXUHVKRZVWKDWWKLVZLOOOHDGRQO\WRD
VPDOOVKLIWRIaVLQWKHSRVLWLRQRIWKH615PD[LPXP
)LJXUH  DOVR VKRZV WKH JUHDWHU 615 WKDW LV REWDLQHGZLWK VPDOOHU YDOXHV RI Qt
+RZHYHU FKRRVLQJ WR HQFRGH Nu HDUOLHU RQ LQ WKH HFKR WUDLQ ZLOO SURGXFH DPRUH
DV\PPHWULFVDPSOLQJRINVSDFHDORQJWKHSKDVHHQFRGLQJGLUHFWLRQ7KLVFDQUHVXOW
LQ D GHFUHDVH LQ WKH LPDJH VLJQDO DQG LQ WKH DSSHDUDQFH RI DUWHIDFWV LQ WKH LPDJH
$GGLWLRQDOO\ WKLV FDOFXODWLRQ UHOLHV RQ WKH VLPSOLI\LQJ DVVXPSWLRQ WKDW WKH LPDJH










,QFRQFOXVLRQ WKH615 LV LQGHHGKLJKHU LI WKHNw OLQH LVHQFRGHGHDUO\ LQ WKHHFKR
WUDLQ  +RZHYHU WKH JDLQ LV PRUH WKDQ H[SHFWHG IURP DWWHQXDWLRQ FRQVLGHUDWLRQV
DORQH$JUHDWHU615JDLQFDQEHPDGHE\UHGXFLQJWKHQRLVHLQFUHDVLQJ2WKDQE\
UHGXFLQJ WKH 7x DWWHQXDWLRQ NHHSLQJ 2 FRQVWDQW  7KHUH LV IXUWKHU EHQHILW WR EH
JDLQHGIURPFKRRVLQJWRHQFRGHNwHDUO\RQWKHUHGXFHGEDQGZLGWKORZHUVWKHSRZHU

















,Q  /H5RX[ DQG0DFRYVNL >@ ILUVW GHPRQVWUDWHG WKH SRVVLEOH LPSURYHPHQWV
ZLWK SKDVH PRGXODWLRQ /DWHU =KD DQG /RZH JDYH D EURDGHU GHVFULSWLRQ RI WKH





HIIHFWV RI 7y DQG GLIIXVLRQ DQG RI KLJKHU RUGHU HFKRHV  7KH SKDVH PRGXODWLRQ
VFKHPHVODWHUGHYHORSHGDOVRDLPHGWRSURGXFHXQLIRUPHFKRWUDLQV+RZHYHUWKHUH
PD\EH DGYDQWDJHV WRKDYLQJ HFKR WUDLQVZKLFK DUH QRW XQLIRUP UHGLVWULEXWLQJ WKH
OLPLWHGDYDLODEOHVLJQDOFDQOHDGWRGLIIHUHQWLDOZHLJKWLQJRINVSDFHOLQHVDQGKHQFH
DIIHFW615DQGUHVROXWLRQ
,Q WKLV FKDSWHU VRPH VLPSOH DPSOLWXGH PRGXODWLRQV DUH H[DPLQHG WRJHWKHU ZLWK
DOWHUQDWLYHSKDVHPRGXODWLRQV 7KHQ LW LV VKRZQ WKDW DQ H[WHQVLRQRI WKHZRUN RI






7KH RULJLQDO %8567 VHTXHQFH ZLWK FRQVWDQW SKDVH 5) SXOVHV EURDGO\ VSHDNLQJ
RQO\ H[FLWHV VSLQV RQ UHVRQDQFH DQG DW KDUPRQLF VLGHEDQG IUHTXHQFLHV  )RXULHU
DQDO\VLVFDQEHXVHGWRGHPRQVWUDWHWKLVHIIHFWDQGDOVRWRVKRZWKDWWKHIUDFWLRQRI
PDJQHWLVDWLRQ H[FLWHG LV a
z
{ ZKHUH 1 LV WKH QXPEHU RI 5) SXOVHV LQ WKH WUDLQ
8OWLPDWHO\ ORZ DPSOLWXGH HFKRHV DUH IRUPHG ZKLFK OHDG WR LPDJHV RI ORZ 615




6KLQQDU/H5RX[ VSLQRU IRUPDOLVP >@ KDV EHHQ XVHG ILUVW E\ /H5RX[ HW DO DQG
ODWHU PRUH FRPSUHKHQVLYHO\ E\ +HLG >@ WR GHYHORS YHU\ HIILFLHQW SKDVH
PRGXODWLRQV  7KHPXOWLSKDVH 28),6 WHFKQLTXH >@ ZDV GHYHORSHG XVLQJ )RXULHU
DQDO\VLV DQRWKHU WHFKQLTXH IUHTXHQF\VKLIWHG %8567 >@ LV EDVHG RQ WKH VDPH
SULQFLSOHDGLIIHUHQWDQDO\WLFDODSSURDFKKDVEHHQXVHGE\YDQ*HOGHUHQ HW DO >@
DQG WKH )0'$17( WHFKQLTXH >@ LQWURGXFHV D IUHTXHQF\ PRGXODWHG HQYHORSH
ZKLFK KDV D ZHOOXQGHUVWRRG IUHTXHQF\ UHVSRQVH  )RU HDFK RI WKHVH WHFKQLTXHV D
FRQVWDQW DPSOLWXGH 5) WUDLQ LV XVHG DQG D KLJKO\ XQLIRUP DPSOLWXGH HFKR WUDLQ
UHVXOWV 7| DQG GLIIXVLRQ DWWHQXDWLRQ DVLGH  7KLV OHDGV WR D WKHRUHWLFDO 1
LPSURYHPHQWLQ615RYHUVLQJOHSKDVH%8567
,QWKHLURULJLQDODEVWUDFW+HQQLJDQG0XHUL>@VXJJHVWHGWKDWDPSOLWXGHPRGXODWLRQ
RI WKHSXOVH WUDLQFRXOGEHXVHG WRSURGXFH DXQLIRUP DPSOLWXGH HFKR WUDLQ WDNLQJ
LQWR DFFRXQW WKH FRQWULEXWLRQV RI WKH GLIIHUHQW FRKHUHQFHV DQG SRVVLEO\ 7} DQG
GLIIXVLRQHIIHFWVDOVRXVLQJWHFKQLTXHVEDVHGRQWKHH[WHQGHGSKDVHJUDSKDOJRULWKP
>@,QWKHLPDJHGRPDLQWKLVZRXOGUHVXOWLQDQDUURZDQGXQGLVWRUWHGSRLQWVSUHDG
IXQFWLRQ LQ WKH SKDVH HQFRGLQJ GLUHFWLRQ +RZHYHU WKLV WHFKQLTXH LQYROYHV GHQVH






FRQWUDVW 1RQHWKHOHVV D WHFKQLTXHZKLFK JLYHV FRQWURO RYHU WKH DPSOLWXGHV RI WKH
HFKRHV ZRXOG JLYH DQ DGGLWLRQDO GHJUHH RI IUHHGRP WR WKH GHVLJQ RI %8567
VHTXHQFHV
7KHZRUN LQ WKLV FKDSWHU VHHNV WR GHYHORS FRQWURO RI WKH HFKR DPSOLWXGH HQYHORSH
DQG KHQFH WKHPRVW HIILFLHQW XVH RI WKHPDJQHWLVDWLRQ  ,Q WKH QH[W VHFWLRQ WKUHH






RI WKHPRGXODWLRQ 7KH DPSOLWXGH HQYHORSH RI WKH SXOVH WUDLQZDVPRGXODWHG DQG
FRPELQHGZLWKH[LVWLQJSKDVHPRGXODWLRQVFKHPHVLQDVSLQHFKR%8567VHTXHQFH
$W ORZ IOLS DQJOHV LJQRULQJ 7~ DQG GLIIXVLRQ LW ZRXOG EH H[SHFWHG WKDW WKH
DPSOLWXGHV RI WKH UHVXOWLQJ HFKRHVZLOO UHIOHFW WKH DPSOLWXGHV RI WKH SXOVHV  $QG
WKHUHIRUHVLQFHHDFKHFKRHQFRGHVVXFFHVVLYHOLQHVLQNVSDFH WKLVSXOVHDPSOLWXGH
PRGXODWLRQ GLUHFWO\ FRUUHVSRQGV WR WKH N VSDFH SURILOH LQ WKH SKDVH HQFRGLQJ
GLUHFWLRQ DQG KHQFH XOWLPDWHO\ GHWHUPLQHV WKH UHVROXWLRQ NHUQHO LQ WKH LPDJH
GRPDLQ 2Q WKLV EDVLV GLIIHUHQW DPSOLWXGHPRGXODWLRQVZHUH FKRVHQZKLFKZRXOG
JLYHVXLWDEOHUHVROXWLRQNHUQHOV
$WKLJKHU IOLSDQJOHVZKHUH WKH OLQHDUDSSUR[LPDWLRQ IDLOV WKLV VLPSOH UHODWLRQVKLS
GRHVQRWKROG ,QGHHGLWZRXOGEHH[SHFWHGWKDWWKHVHDPSOLWXGHPRGXODWHGSXOVHV
ZRXOG KDYH D SRRUHU SHUIRUPDQFH DVPHDVXUHG E\ WKH H[FLWDWLRQ HIILFLHQF\ WKDQ
FRQVWDQWDPSOLWXGH WUDLQV IRUZKLFK WKHH[LVWLQJSKDVHPRGXODWLRQVZHUHGHVLJQHG
)RULQVWDQFHDVLPSOHH[SODQDWLRQRI WKHFKLUSEDVHGSKDVHPRGXODWLRQV >@ LV
WKDW WKH VSLQV DUH H[FLWHG LQ D OLQHDU VZHHS DFURVV HDFK SL[HO DV WKH HIIHFWLYH
IUHTXHQF\ LV LQFUHPHQWHG WKURXJK WKH SXOVH WUDLQ VHH 6HFWLRQ  IRU D IXOOHU
H[SODQDWLRQ  1RZ LI DPSOLWXGHPRGXODWLRQ LV LQFRUSRUDWHG DOVR LW ZLOO UHVXOW LQ

UHJLRQVRIRYHUDQGXQGHUQXWDWLRQZLWKLQHDFKSL[HO+HQFHWKHPDJQHWLVDWLRQZLOO






6LPXODWLRQV ZHUH SHUIRUPHG WR DVVHVV WKH GLIIHUHQW DPSOLWXGH PRGXODWLRQV DQG
FRPSDUHWKHPWRWKHFXUUHQWRSWLPLVHGSKDVHPRGXODWLRQVFKHPHV
 3KDVHPRGXODWLRQ
,Q DQRWKHU VHW RI H[SHULPHQWV DOWHUQDWLYH SKDVH PRGXODWLRQ VFKHPHV ZHUH
LPSOHPHQWHGWKLVWLPHLQFRPELQDWLRQZLWKXQLIRUPDPSOLWXGHSXOVHV7KHH[LVWLQJ
RSWLPLVHGSKDVHPRGXODWLRQ VFKHPHVKDYH DQ H[FHOOHQW SHUIRUPDQFH KRZHYHU LW LV
LQWHUHVWLQJ WR REVHUYH KRZ VRPHGLIIHUHQW SKDVH VFKHPHV SHUIRUP &DQ D UDQGRP





JLYH D XVHIXO DQG HDVLO\ FRQWUROODEOH PRGXODWLRQ RI WKH HFKRHV FDQ EH D OHQJWK\
QXPHULFDOSUREOHPDVVWDWHGDERYH6HFWLRQ7KHDPSOLWXGHPRGXODWLRQDERYH
6HFWLRQ  SURYLGHV VRPH VFRSH IRU DFKLHYLQJ WKLV KRZHYHU JUHDWHU FRQWURO































FRQWURO RYHU WKH HFKR DPSOLWXGHV  $ VLPSOH H[WHQVLRQ RI WKLV PHWKRG DOORZV WKH
SXOVHDPSOLWXGHVDQGKHQFHWKHHFKRHQYHORSHWRYDU\WKHUHE\DGGLQJDQHZGHJUHH





GHWHUPLQH WKH V\VWHP UHVSRQVH IRU KLJKHU DQJOHV LW EHFRPHV OHVV DFFXUDWH  7KH



























$V GHVFULEHG LQ &KDSWHU  WKH SXOVH WUDLQ FDQ EH PRVW FRQYHQLHQWO\ UHSUHVHQWHG
























































































SL[HO IRUD WUDLQRI1SXOVHV +HQFH LQ%8567ZLWKFRQVWDQWSKDVHDSXOVH

















WKHVHVXFFHVVLYHVHFWLRQV  ,Q WKLVZD\GLIIHUHQW UHJLRQVRIVSLQVZLOOEHH[FLWHGE\
GLIIHUHQW VHFWLRQVRI WKHSXOVH WUDLQ DQGZLWK VXLWDEOHFKRLFHRISDUDPHWHUVDQHDU
FRPSOHWH H[FLWDWLRQ FDQ UHVXOW  =KD	/RZH >@ LQVWHDG LQWURGXFHG D OLQHDU SKDVH
SURJUHVVLRQDOPRVW LGHQWLFDO WRD IUHTXHQF\VKLIW LQWRHDFKVHFWLRQZLWK WKHSKDVH
LQFUHPHQW VWHSSHG XS IURP RQH VHFWLRQ WR WKH QH[W  2YHUDOO WKLV UHVXOWV LQ DQ
DSSUR[LPDWHO\TXDGUDWLFSKDVHUROORYHUWKHZKROHSXOVHWUDLQ7KLVPHWKRGUHVXOWHG

















DQJOHQ  ,WV IUHTXHQF\ UHVSRQVH FDQ EH DUELWUDULO\ VKLIWHG E\ DSSURSULDWH SKDVH





















6XEMHFW WR WKHVH FRQVWUDLQWV QHZ SXOVH WUDLQV FDQ EH IRUPXODWHG ZKLFK KDYH DQ
LQWHJUDOYDULDWLRQLQDPSOLWXGHDORQJWKHLUOHQJWK





















RI Q SXOVHV WKHQ IURP (TXDWLRQ  PQ  DQG IURP (TXDWLRQ  PîQ  1
7KHUHIRUHP Q 1WKHIUDFWLRQDOZLGWKRIHDFKVWULSLV1JUHDWHUWKDQIRUD











WKDW WKH IOLS DQJOHV DPSOLWXGH HQYHORSH SURYLGH D GLVFUHWH DSSUR[LPDWLRQ WR WKH
WDUJHW SURILOH  ,Q SUDFWLFH RQO\ D YHU\ URXJK DSSUR[LPDWLRQ FDQ EH PDGH WR D
VPRRWKO\ YDU\LQJ HQYHORSH  $OVR DV D JXLGH DQ DPSOLWXGHPRGXODWHG SXOVH WUDLQ




























)LJXUH 5)DPSOLWXGHHQYHORSHV VKDGHG UHJLRQVSURGXFHGZLWK WKLV WHFKQLTXH
Q   >D@ >E@ >F@







LL 7KH SURILOH RI WKH HFKRHVZDV FRPSDUHGZLWK WKDW RI WKH SXOVHV WR DVVHVV WKH
WHFKQLTXHVIRUFRQWUROOLQJWKHDPSOLWXGHHQYHORSH
LLL )LQDOO\ WKHHIIHFWRI DQ\PRGXODWLRQRQ WKH ILQDO LPDJH UHVROXWLRQ DQG VLJQDO
ZDVGHWHUPLQHG
7KHVHSHUIRUPDQFHPHDVXUHVZHUHREWDLQHG LQLWLDOO\ IURPVLPXODWLRQVRI WKH%ORFK
(TXDWLRQVDQGWKHQFRPSDUHGZLWKPHDVXUHVREWDLQHGIURPLPDJLQJH[SHULPHQWV
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7KLV VDPH ILJXUH RIPHULWZDV XVHG WR HYDOXDWHPRGXODWLRQ VFKHPHV LQ WKLVZRUN
+RZHYHUWKHLUSDSHU>@GRHVQRWJLYHGHWDLOVRIDOOWKHVLPXODWLRQSDUDPHWHUVDQG
VRILUVWO\DVXLWDEOHVHWRIYDOXHVKDGWREHFKRVHQ 7\SLFDO%8567SDUDPHWHUVRI













%8567 VLPXODWLRQV WKH5) DPSOLWXGHZDV FKRVHQ LQ WZRZD\V IRU WKH DPSOLWXGH
PRGXODWLRQV WKH5)DPSOLWXGHZDVYDULHG WR ILQG WKHPD[LPXPSRVVLEOHHIILFLHQF\
WKDWFRXOGEHREWDLQHGUVWZKHUHDVIRUWKHFRPELQHGPRGXODWLRQVWKHIOLSDQJOHV
ZHUH FDOFXODWHG XVLQJ WKH VLPSOLI\LQJ DVVXPSWLRQV RI WKH OLQHDU DSSUR[LPDWLRQ WR
JLYH VDWXUDWLRQ RI HDFK RI WKH H[FLWHG VWULSV XYZZ  )RU WKH SXUSRVHV RI PDNLQJ




DPSOLWXGH HQYHORSH FDQ EH DWWULEXWHG WR KLJKHU RUGHU HFKRHV IRUPHG E\ WKH

LQWHUDFWLRQRI WKH LQGLYLGXDOSXOVHVRI WKHSXOVH WUDLQ 7KHFRQWULEXWLRQ IURP WKHVH
HFKRHVZLOOIDOORIIPRUHUDSLGO\WKDQWKHSULPDU\HFKRHVDVWKHIOLSDQJOHLVUHGXFHG
7KH IOLS DQJOHZDV UHGXFHG E\ D IDFWRU RI WKH VDPH DVZDV FKRVHQ E\ =KD	
/RZH
LL $PSOLWXGHPRGXODWLRQ
(DFKGLIIHUHQW DPSOLWXGHPRGXODWLRQRI WKHSXOVH WUDLQ OHG WR DGLIIHUHQW DPSOLWXGH
PRGXODWLRQRIWKHHFKRWUDLQ 7KHFORVHQHVVRIWKHWZRSURILOHV±RIWKHSXOVHWUDLQ
DQGRIWKHHFKRWUDLQ±ZDVDQLPSRUWDQWTXDQWLW\WRDVVHVV7KLVUHIOHFWHGWKHVXFFHVV
RI WKHSURSRVHG WHFKQLTXHV IRU FRQWUROOLQJ WKH HFKR DPSOLWXGHV 7RGR WKLV ILUVWO\


























































7ZRDOWHUQDWLYH DPSOLWXGHPRGXODWLRQV WKH VLQXVRLGDO )LJXUHD S DQG WKH
KDOIJDXVVLDQ )LJXUH E ZHUH H[DPLQHG LQ FRPELQDWLRQ ZLWKPXOWLSKDVH DQG
WZRSKDVH 28),6 SKDVH PRGXODWLRQ VFKHPHV  7KHVH SKDVH PRGXODWLRQV ZHUH
GHYHORSHGIRUXVHZLWKFRQVWDQWDPSOLWXGHSXOVHWUDLQVDQGWKHUHIRUHWKHLQWURGXFWLRQ
RIDQ\DPSOLWXGHPRGXODWLRQZRXOGEHH[SHFWHGWRSURGXFHVWULSVRIRYHUDQGXQGHU
QXWDWLRQDQGKHQFH OHDG WRD UHGXFWLRQ LQHIILFLHQF\ 7KH IOLSDQJOHZDVYDULHG WR
ILQGWKHPD[LPDOYDOXHRIWKHHIILFLHQF\IRUHDFKPRGXODWLRQDQGFRPSDUHGZLWKWKH
PD[LPDOYDOXHREWDLQHGIRU WKHFRQVWDQWDPSOLWXGH28),6PRGXODWLRQ 7KHPXOWL
SKDVH28),6PRGXODWLRQUHVXOWHG LQDYHU\KLJKHIILFLHQF\ KLJKHU LQ IDFW
WKDQ ZDV IRXQG XVLQJ D q IOLS DQJOH   7KH VLQXVRLGDO DQG JDXVVLDQ
PRGXODWLRQVZLWKPD[LPDOIOLSDQJOHVSURGXFHGKLJKH[FLWDWLRQHIILFLHQFLHVRI
DQG  UHVSHFWLYHO\  7KLV FRPSDUHV YHU\ZHOOZLWK WKH28),6 HIILFLHQF\ DQG
GHPRQVWUDWHVWKDWDPRGHVWGHJUHHRIDPSOLWXGHPRGXODWLRQQHHGQRWEHGHWULPHQWDO
WR WKH HIILFLHQF\   :LWK µUHGXFHG¶ IOLS DQJOHV WKH HIILFLHQFLHV IHOO E\ a D
QRWLFHDEO\ VPDOOHU GURS WKDQ LV REVHUYHG LQ WKH ODWHU UHVXOWV IRU WKH FRPELQHG
VFKHPHV 7DEOHS 7KLV VHHPV UHDVRQDEOHFRQVLGHULQJ WKHGLIIHUHQWPHWKRGV
IRU FKRRVLQJ WKH IOLS DQJOH LQ HDFK FDVH  )RU DPSOLWXGH PRGXODWLRQ DORQH WKH
PD[LPDOHIILFLHQF\ZDV IRXQGZKHUHDV IRU WKHFRPELQHGVFKHPHVDq IOLSDQJOH












OHVV SURPLVLQJ  $V FDQ EH VHHQ LQ 7DEOH  WKUHH DQG IRXUIROG LQFUHDVHV LQ WKLV
ILJXUHRIPHULWZHUHIRXQG)LJXUHVKRZVVRPHRIWKHH[SHFWHGHFKRDPSOLWXGHV
SURSRUWLRQDO WR WKH SXOVH DPSOLWXGHV ILWWHG WR WKH VLPXODWHG HFKR DPSOLWXGHV 2I
WKHVH RQO\ WKH VLQXVRLGDO  PXOWLSKDVH SDLULQJ ZLWK v >G@ VKRZV D VWURQJ
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
PHWKRG FDQPDLQWDLQ WKH KLJK XWLOLVDWLRQ RI WKHPDJQHWLVDWLRQ KLJK HIILFLHQF\ RI
28),6 EXW LQ JHQHUDO OHDGV WR SRRUHU FRUUHODWLRQV RI WKH DPSOLWXGH HQYHORSH DQG
KHQFHOHVVFRQWURORYHUWKHHFKRDPSOLWXGHV7KHGDWDSUHVHQWHGKHUHRQO\FRYHUVD
YHU\ OLPLWHG VHW RI DPSOLWXGHPRGXODWLRQV KRZHYHU LW GRHV VXJJHVW WKDW DPSOLWXGH





















SKDVH 7KLVSDUWLFXODUJHRPHWULFSURJUHVVLRQXVHGZDVFKRVHQRQO\ WRJLYH DJRRG
VSUHDGRISKDVHVRYHUqZLWKRXWH[FHVVLYHSKDVHZUDSSLQJVRDVQRWWRORVHWKH
VHQVHRI WKHSURJUHVVLRQ WKHUHZDVQRUHDVRQ WREHOLHYH LWZRXOGSHUIRUPZHOO  ,Q
IDFW WKHSKDVHLQFUHDVHVYHU\VORZO\RYHU WKH ILUVWKDOIRI WKHSXOVH WUDLQPDNLQJ LW
FORVH WR D FRQVWDQW RU OLQHDU SKDVH SURJUHVVLRQ DQG WKHUHIRUH PRUH VLPLODU WR WKH
LQHIILFLHQW FRQVWDQW SKDVH %8567 $OVR WKH HFKRHV UHVXOWLQJ IURP WKHVH SKDVH

















7KH FRPELQHG SKDVH DQG DPSOLWXGHPRGXODWLRQV SHUIRUPHGZHOO  7KH HIILFLHQFLHV
ZHUHFRPSDUDEOHZLWKWKHEHVW28),6HIILFLHQF\DOOZHUHRYHUFRPSDUHGZLWK
WKHILJXUH IRUPXOWLSKDVH28),6 )RU WKHVHPRGXODWLRQV WKH5)DPSOLWXGH
ZDVFKRVHQWRJLYHDqIOLSDQJOHRQUHVRQDQFH
,W LVZRUWK QRWLQJ WKDW SUHYLRXVO\ WKH28),6 VHTXHQFHVZLWK IHZHU WKDQ  SXOVHV
ZHUHIRXQGWREHOHVVHIILFLHQWÆÇ ZKHUHDVÈÉ VHH>@7KHQHZ
PRGXODWLRQV LQ HIIHFW DUH PDGH XS RI VHFWLRQV IURP WKHVH VKRUWHU SXOVH WUDLQV
H[FLWLQJ WKH JUHDWHU SDUW RI WKH PDJQHWLVDWLRQ DQG VHFWLRQV IURP ORQJHU WUDLQV














































































































































































































































WKHVH HDUOLHU UHVXOWV  ,W PLJKW EH SRVVLEOH WR LPSURYH RQ WKHVH HIILFLHQFLHV L E\
YDU\LQJWKHVHSDUDWLRQRIWKHVWULSVRIH[FLWDWLRQDQGLLE\FKDQJLQJWKHSRVLWLRQVRI
WKHVWULSVZLWKLQHDFKSL[HO LHUDWKHU WKDQVHTXHQWLDOO\H[FLWLQJ WKHVWULSVGRVR LQ
MXPSV
7KHHQYHORSHSURILOHVZHUHDUHDVRQDEO\JRRGPDWFKWRWKHSXOVHSURILOHV(ﬂ 
 WKRXJKQRWDVJRRGDPDWFKDVREWDLQHG IURPPXOWLSKDVH28),6 (ﬂ  
$V FDQ EH VHHQ IURP WKH GDWD SORWV DERYH WKH DPSOLWXGHV EURDGO\ IROORZLQJ WKH
H[SHFWHGSDWWHUQV LIZLWKD IDLUELWRIYDULDELOLW\ LQSODFHV +RZHYHU UHGXFLQJ WKH
IOLSDQJOHE\UHGXFHGWKLVYDULDELOLW\PDUNHGO\DQGSURGXFHGPXFKEHWWHUILWV(ﬃ
a      7KHVH UHVXOWV VKRZ WKDW WKLV WHFKQLTXH FDQ SURGXFH KLJK HIILFLHQF\ HFKR
WUDLQVZLWKSURILOHVZKLFKPDWFKWKHH[SHFWHGSURILOHVZHOO
LLL 5HVROXWLRQDQG615
7KH XOWLPDWH WHVW RI WKHVH WHFKQLTXHV OLHV LQ WKH TXDOLWLHV RI WKH LPDJHV IRUPHG
7KHVHZHUHDVVHVVHGLQVLPXODWLRQVE\HVWLPDWLQJWKHH[SHFWHGFKDQJHVLQWKHVLJQDO





SKDVH 28),6 VHTXHQFH WR JLYH D YDOXH IRU WKH FKDQJH LQ VLJQDO  7KH UHVROXWLRQ
HVWLPDWHZDVREWDLQHGE\FDOFXODWLQJWKH)RXULHUWUDQVIRUPRIWKHHFKRWUDLQWRREWDLQ
WKH UHVROXWLRQ NHUQHO DQG WDNLQJ WKH):+0YDOXH  %HIRUH FDOFXODWLQJ WKH )RXULHU








 !! SKDVH28),6  
PXOWLSKDVH28),6  &RQVWDQW




#$ SKDVH28),6  
PXOWLSKDVH28),6  *DXVVLDQ










7KH WDEOH DERYH VKRZV WKDW LQ H[SHULPHQWV DOO WKH PRGXODWLRQ VFKHPHV EURDGO\
IROORZWKHSUHGLFWHGVLJQDOLQFUHDVHV,QPRVWFDVHVWKHUHVXOWVIURPH[SHULPHQWVODJ
EHKLQG WKH WKHRUHWLFDO HVWLPDWHV ZLWK WKH GLVFUHSDQF\ EHLQJ JUHDWHU IRU WKH KLJKHU
SHUIRUPLQJ VHTXHQFHV  2I WKH DPSOLWXGH PRGXODWLRQV WKH VKDOORZ VLQXVRLGDO
PRGXODWLRQ VKRZV D PRGHVW VLJQDO LPSURYHPHQW ZKLOH WKH VWHHSHU JDXVVLDQ
PRGXODWLRQ SHUIRUPV EHWWHU LI RQO\ JLYLQJ ò ô RI WKH SUHGLFWHG LQFUHDVH  7KH
FRPELQHG DPSOLWXGH DQG SKDVH PRGXODWLRQV DOVR SHUIRUP ZHOO  7KH VLPSOHVW


















7DEOH  VKRZV WKH UHVXOWV IURP VLPXODWLRQV  ,QWHUHVWLQJO\ WKH UHVROXWLRQ GRHV QRW
YDU\PXFK EHWZHHQ WKH GLIIHUHQWPRGXODWLRQV  +RZHYHU LW ZDV DSSDUHQW WKDW WKH
VKDSH RI HDFK UHVROXWLRQ NHUQHO YDULHG ZLWK VRPH KDYLQJ KLJKHU DPSOLWXGH WKDQ
RWKHUVRXWVLGHRIWKHFHQWUDOSHDN7KLVPD\UHVXOWLQPRUHQRLVHLQWKHLPDJH
([SHULPHQWV
7KH LPDJHV RI D FRPSOH[VWUXFWXUHG SKDQWRP REWDLQHG ZLWK HDFK RI WKHVH
PRGXODWLRQV DUH VKRZQEHORZ 7KHSKDVH HQFRGLQJGLUHFWLRQ LV DORQJ WKHYHUWLFDO















)LJXUH   3KDQWRP LPDJH REWDLQHG ZLWK  SKDVH 28),6 IXOO IOLS DQJOH QR
DPSOLWXGH PRGXODWLRQ  7KH IDOORII LQ LQWHQVLW\ LQ WKH KRUL]RQWDO
IUHTXHQF\ HQFRGLQJ GLUHFWLRQ LV GXH WR WKH QDUURZ EDQGZLGWK RI WKH
SXOVHVXVHG
7KHDPSOLWXGHPRGXODWLRQLPDJHVVKRZOLWWOHLIDQ\EOXUULQJLQWKHSKDVHHQFRGLQJ
GLUHFWLRQ HYHQ LQ WKH FDVH RI WKH JDXVVLDQ PRGXODWLRQ  7KH LPDJHV IURP WKH
FRPELQHGDPSOLWXGHDQGSKDVHPRGXODWLRQVVKRZYDU\LQJGHJUHHVRIEOXUULQJIURP
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   
D E F G H
)LJXUH6HJPHQWHGSKDQWRPLPDJHVDFTXLUHGZLWKGLIIHUHQWFRPELQHGDPSOLWXGH
DQGSKDVHPRGXODWLRQV7KHPRGXODWLRQVDUHVKRZQDERYHHDFKLPDJH
7KH SRVLWLRQ RI WKH NX FHQWUDO HFKR YDULHG EHWZHHQ WKHVH LPDJHV  7KH LGHD RI WKH
DPSOLWXGHPRGXODWLRQZDV WRHQFRGHRQHRI WKHKLJKHVWDPSOLWXGHHFKRHVDV WKHN
X
HFKR7KHSRVLWLRQRIWKHSHDNHFKRHVFDQEHFKDQJHGVLPSO\E\UHRUGHULQJWKHVXE
WUDLQV RI SXOVHV  +RZHYHU LQ JHQHUDO LW ZLOO QRW EH SRVVLEOH WR SRVLWLRQ WKH SHDN
SXOVHVDW DQ\SRLQWRIFKRRVLQJ DORQJ WKHSXOVH WUDLQ VLQFH WKH OHQJWKVRI WKH VXE
WUDLQVOLPLWWKHSRVVLELOLWLHVIRUUHFRQILJXULQJWKHRYHUDOO WUDLQ 7KLVNY UHTXLUHPHQW
FDQ EH EXLOW LQWR WKH GHVLJQ RI WKH PRGXODWLRQV KRZHYHU ZLWK WKH H[DPSOH










HUURUV UHVXOWLQJ IURP GLIIHUHQW 7` UHOD[DWLRQ ZDV DVVXPHG WR EH VPDOO VLQFH WKH
SKDQWRPKDGDORQJUHOD[DWLRQWLPH
7KH HIIHFWV RQ UHVROXWLRQ FOHDUO\ YDU\ ZLGHO\ IDU PRUH WKDQ LV VXJJHVWHG E\ WKH
SUHGLFWHG ILJXUHV LQ 7DEOH   ,QGHHG WKHVH ILJXUHV GR QRW UHIOHFW WKH REVHUYHG
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   




















7KLV FKDSWHU KDV GHPRQVWUDWHG WKDW GLIIHUHQWPRGXODWLRQV FDQ EH XVHG LQ %8567
ZKLFKFDQJLYHFRQWURORYHUWKHLPDJHVLJQDODQGUHVROXWLRQ
$PSOLWXGH PRGXODWLRQ LQ FRPELQDWLRQ ZLWK 28),6 SKDVH PRGXODWLRQ FDQ JLYH
PRGHUDWHEXWOLPLWHGVLJQDOLPSURYHPHQWVZLWKOLWWOHLIDQ\ORVVRILPDJHTXDOLW\
6LPLODU VLJQDO DQG LPDJH LPSURYHPHQWV DUH REWDLQHG ZLWK FRPELQHG DPSOLWXGH 	
SKDVHPRGXODWLRQVKRZHYHUJUHDWHUVLJQDOLQFUHDVHVDUHSRVVLEOHDWDSULFHRIORZHU





7KH FRPELQHG DPSOLWXGH 	 SKDVH PHWKRG SURYLGHV D VWUDLJKWIRUZDUG ZD\ RI
SURGXFLQJ QHZ PRGXODWLRQV ZKLFK FDQ EH PDWFKHG WR UHTXLUHPHQWV  8VHG
MXGLFLRXVO\ LW FDQ SURYLGH PRGHUDWH VLJQDO JDLQV ZLWK RQO\ OLWWOH GHWULPHQW WR WKH
LPDJHUHVROXWLRQ




7KH WRWDO 5) SRZHU UHTXLUHG IRU RSWLPDO H[FLWDWLRQ LV IDLUO\ FRQVWDQW IRU DOO WKHVH
PRGXODWLRQV  +RZHYHU WKH SHDN 5) SRZHU UHTXLUHG ZLOO LQFUHDVH ZLWK DQ\
DPSOLWXGHPRGXODWLRQSDUWLFXODUO\ IRU WKHPRUHH[WUHPHPRGXODWLRQV D VHYHQIROG




































3UHYLRXV GHYHORSPHQWV LQ %8567 LPDJLQJ KDYH OHG WR KLJKO\ HIILFLHQW SKDVH
PRGXODWLRQ VFKHPHVZKLFK H[FLWH DOPRVW DOO WKHPDJQHWLVDWLRQ DQG SURGXFH QHDU
RSWLPDO HFKR WUDLQV >@ 7KHVH VFKHPHV KDYH EHHQ VXFFHVVIXOO\ LPSOHPHQWHG E\
RWKHU UHVHDUFKHUV DW 7 KRZHYHU LQ RXU H[SHULPHQWV DW 7 LWZDV IRXQG WKDW WKH
SHDN SRZHU OHYHOV UHTXLUHG ZHUH QRW REWDLQDEOH ZLWK RXU  N: 5) DPSOLILHU
%8567LPDJLQJE\LWVQDWXUHLVDUHODWLYHO\KLJKEDQGZLGWKWHFKQLTXHDQGDVVXFK
LW UHTXLUHV VKRUW GXUDWLRQ 5) SXOVHV WR H[FLWH WKH IXOO )R9  $V D FRQVHTXHQFH D
UHODWLYHO\ODUJHSXOVHDPSOLWXGHLVUHTXLUHGLQRUGHUWRREWDLQKLJKHQRXJKIOLSDQJOHV
DQGWKLVKDVOHGWRWKHKDUGZDUHLPSRVHGOLPLW
$ W\SLFDO5)EDQGZLGWK LQ%8567 LV  N+] FRUUHVSRQGLQJ WR D PPZLGH
)R9ZLWK D P7P H[FLWDWLRQ JUDGLHQW FRPSDUHGZLWK DQ5) EDQGZLGWK RI 
N+] FRUUHVSRQGLQJ WR DPPVOLFH DQGP7P JUDGLHQW IRU D VOLFH VHOHFWLYH
H[FLWDWLRQSXOVHLQRWKHULPDJLQJWHFKQLTXHVVXFKDV(3,3XOVHGXUDWLRQVVFDOHZLWK



















7KLV OHIW XV ZLWK RQO\ WKH RSWLRQ RI XVLQJ ORQJHU GXUDWLRQ SXOVHV RI QDUURZHU
EDQGZLGWKLIWKHRSWLPXPIOLSDQJOHZDVWREHUHDFKHG7KLVUHVXOWHGLQDORFDOLVHG
LPDJLQJ WHFKQLTXH LQ ZKLFK D QDUURZ EDQG RI VSLQV ZDV IXOO\ H[FLWHG ZKLOVW WKH
UHPDLQGHURIWKHGHVLUHG)R9ZDVOHIWXQH[FLWHG,WZDVWKHQUHDOLVHGWKDWWKLVJDYH

XV WKHPHDQV WRH[FLWH WKH IXOO)R9ZLWKDPLQRUPRGLILFDWLRQ WR WKH VHTXHQFH  ,I
HDFKLQGLYLGXDO5)SXOVHZHUHUHSODFHGE\DVKRUWVHULHVRISXOVHVHDFKRIRSWLPXP
IOLS DQJOH EXW RI QDUURZ EDQGZLGWK WKHQ E\ VWHSSLQJ WKH IUHTXHQF\ RI VXFFHVVLYH
SXOVHVLQWKHVHULHVWKHIXOO)R9FRXOGEHH[FLWHGEDQGE\EDQG7KLVWKHQOHGWRWKH





ORQJHU GXUDWLRQ DQG ORZHU DPSOLWXGH WKDQ LV SRVVLEOH XVLQJ DPSOLWXGH PRGXODWLRQ






&RQYHQWLRQDO 5) SXOVHV XVHG LQ 05, DUH DPSOLWXGH PRGXODWHG ZKHUH WKH
PRGXODWLRQHQYHORSHRIWKHSXOVHGHWHUPLQHVWKHUDQJHRIIUHTXHQFLHVH[FLWHGE\WKH
SXOVH  $Q DGGLWLRQDO GHJUHH RI IUHHGRP FDQ EH REWDLQHG E\ PRGXODWLQJ WKH
IUHTXHQFLHV RU PRUH JHQHUDOO\ WKH SKDVH ZLWKLQ D SXOVH DOVR  $Q )0 SXOVH RI
FRQVWDQWDPSOLWXGHLQZKLFKWKHIUHTXHQF\LVVZHSWOLQHDUO\WKURXJKWKHGXUDWLRQRI
WKH SXOVH LV FDOOHG D FKLUS SXOVH  7KH LQVWDQWDQHRXV IUHTXHQF\ RI D FKLUS SXOVH LV
JLYHQE\& .WZKHUH. LQ UDG Vz
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ZKHUH .&WW  c 
,W LV QRW REYLRXV KRZ WKLV LQWHJUDO FDQ EH HYDOXDWHG QRU LQGHHGZKHWKHU RU QRW LW



























































































































Ö éoc  




















FRQWUROOHGXQOLNH WKDWRIDQ$0SXOVHVR WKDWD ORQJHUGXUDWLRQSXOVHRI WKH VDPH
EDQGZLGWKFDQEHSURGXFHG












7KH FKRLFH RIZLQGRZLQJ IXQFWLRQ DIIHFWV WKH XQLIRUPLW\ RI WKH LQEDQG H[FLWDWLRQ
DQGWKHRXWRIEDQGULSSOHDVZHOODVWKHVKDUSQHVVRIWKHFXWRIILQEHWZHHQ7KLVLV
GHVFULEHGIXUWKHULQ6HFWLRQEHORZ
)XUWKHUPRUH RQ UHVRQDQFH WKH IOLS DQJOH RI D WUXQFDWHG SXOVH FDQ EH ZHOO
DSSUR[LPDWHG E\ WKH DERYH )RXULHU WUDQVIRUP LI VXIILFLHQWO\ ZLGH D WUXQFDWLRQ
HQYHORSHLVFKRVHQ7KLVFDQEHVKRZQDVIROORZV
$SXOVHWUXQFDWHGWRDZLGWK2LVGHVFULEHGE\






































































  )RU DSXOVH EDQGZLGWK RI N+] DQG D SXOVH GXUDWLRQ RI V DQG
XVLQJ WKH DSSUR[LPDWLRQ JLYHQ LQ (TXDWLRQ  3ﬂa a q  7KLV GHSKDVLQJ
ZRXOGKDYH DQHJOLJLEOH HIIHFW RQ WKHYDOXHRI WKH LQWHJUDOZLWKLQ WKH FHQWUDO OREH




































7KH )RXULHU WUDQVIRUP VKRZV WKDW WKH FKLUS SXOVH OHDGV WR D TXDGUDWLF GHSKDVLQJ






































































7KLV VLJQDO VKRZV D GHJUHH RI V\PPHWU\ LQ WLPH ZLWK UHVSHFW WR GLIIHUHQW RIIVHW








































D VSLQ RQ UHVRQDQFH EXW VKLIWHG ODWHU E\ D WLPHû. DQG SKDVH VKLIWHG E\ û

.



















IOLS DQJOH SXOVHV UHTXLUHG LQ %8567  )RU KLJKHU SXOVH DPSOLWXGHV EH\RQG WKH
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




RI WKH FHQWUDO VLQF OREH WKHQ WKH H[FLWDWLRQ SURILOHZRXOG EH ODUJHO\ VLPLODU WR WKH




















































































LV VHW E\ WKH SHULRG RI WKH SXOVH WUDLQ 2¥ $V H[SODLQHG HDUOLHU 6HFWLRQ  WKH




























7KHTXDGUDWLFSKDVHRI WKH5)SXOVHV OHDGVWRDTXDGUDWLFSKDVHLQ WKHVSLQVDFURVV
WKHH[FLWDWLRQEDQGZLGWK DV VKRZQHDUOLHU LQ(TXDWLRQ  7KLV FKDUDFWHULVWLFRI
)0SXOVHVKDVOLPLWHGWKHLUXVHIRUVOLFHVHOHFWLYHH[FLWDWLRQLQ05,SUHYLRXVO\7KH
TXDGUDWLFSKDVHFDQQRWEHUHIRFXVVHGE\WKHDFWLRQRIOLQHDUJUDGLHQWVDQGWKLVOHDGV
WR D UHGXFWLRQ LQ VLJQDO DPSOLWXGH  $ WHFKQLTXH IRU UHIRFXVVLQJ WKH VSLQV ZDV
GHYHORSHG E\ .XQ] ZKR XVHG D 
q
 )0 SXOVH LQ FRPELQDWLRQ ZLWK D 
q
UHIRFXVVLQJ )0 SXOVH IRU VOLFH VHOHFWLRQ >@  7KH 
q
 SXOVH DORQH RU ZLWK D




SKDVH YDULDWLRQ DQG WKDW ZLWK VXLWDEOH FKRLFH RI JUDGLHQW DQG IUHTXHQF\ VZHHS
SDUDPHWHUV WKH HIIHFWV RI RQH SXOVH FRXOG EH PDGH FRPSOHPHQWDU\ WR WKH RWKHU
UHVXOWLQJLQDFRQVWDQWSKDVHRIWKHVSLQVWKURXJKWKHVOLFH  ,Q%8567LPDJLQJWKH

H[FLWDWLRQFRPSRQHQWRI WKHVHTXHQFH LVGLIIHUHQW LQ WKDW WKH5)H[FLWDWLRQSXOVH LV
DSSOLHGLQWKHSUHVHQFHRIDJUDGLHQWLQWKHIUHTXHQF\HQFRGLQJGLUHFWLRQSURGXFLQJD
PDQ\SL[HOZLGHH[FLWDWLRQUDWKHUWKDQDVLQJOHSL[HOGHHSVOLFHVHOHFWLYHH[FLWDWLRQ
0DXGVOH\ >@ LQYHVWLJDWHG WKH XVH RI µSKDVH VFUDPEOHG¶ 5) SXOVHV DQG QRQOLQHDU
JUDGLHQWVDVWZRLQGHSHQGHQWPHWKRGVIRUSURGXFLQJDYDULDWLRQLQWKHSKDVHRYHUWKH








LPDJLQJ $ UHFWDQJXODU 36) FDQ EH REWDLQHGZKLFK UHGXFHV FRQWDPLQDWLRQ RI WKH
VLJQDO IURP QHDUE\ SL[HOV  7KLV WHFKQLTXH DOVR UHPRYHV WKH GHSKDVLQJ ZLWKLQ










EH LQWURGXFHG RQ WZR OHYHOV IRU LQGLYLGXDO 5) SXOVHV DQG IRU WKH SXOVH WUDLQ
HQYHORSH
 &KLUSSXOVHV
7KH %8567 H[FLWDWLRQ LV YROXPDU DQG WKH TXDGUDWLF SKDVH LV SURGXFHG DORQJ WKH
UHDGRXWGLUHFWLRQ$FURVVWKHZKROH)R9WKHVSLQVDUH WRWDOO\GHSKDVHGEXWZLWKLQ
HDFKSL[HOWKHUHLVRQO\DVPDOOSKDVHYDULDWLRQDQGWKHUHIRUHRQO\DVPDOOGHJUHHRI





























,I WKHIUHTXHQF\YDULDEOH LVQRZFKDQJHGWR QXPEHUSL[HO
&
&




















































































7KLV ZRXOG OHDG WR D GHFUHDVH LQ SL[HO LQWHQVLW\ RI  HYDOXDWHG E\ QXPHULFDO








 UHGXFWLRQ LQ SL[HO LQWHQVLW\  +RZHYHU %8567 LV D SHFXOLDU WHFKQLTXH ZKLFK
UHVXOWVLQDSL[HOH[FLWDWLRQSURILOHZKLFKPLJKWQRWEHXQLIRUPLQHLWKHUDPSOLWXGHRU
SKDVH,QWKHQH[WVHFWLRQWKHHIIHFWRIWKHSKDVHPRGXODWLRQRIWKHSXOVHWUDLQRQWKH
PDJQHWLVDWLRQ LV H[DPLQHG DQG LW LV VKRZQ WKDW LQ %8567 WKHUH LV LQ IDFW QR
UHGXFWLRQLQSL[HOLQWHQVLW\GXHWRWKHFKLUSSXOVHV
í














øùRI DSL[HOZKHUH1ú LV WKH
QXPEHURISXOVHVLQWKH5)WUDLQEXWZLWKDTXDGUDWLFSKDVHPRGXODWLRQHDFKSL[HO
FDQEHIXOO\H[FLWHG$QGVRWKHZLGWKRIWKH)RXULHUWUDQVIRUPHGHQYHORSHIXQFWLRQ
LV EURDGHQHG WR D IXOO SL[HO¶V ZLGWK ZKLFK OHDGV WR D

1û LQFUHDVH LQ VLJQDO >@
+RZHYHUWKHTXDGUDWLFGHSKDVLQJLVQRZDQLPSRUWDQWIDFWRU
,QFRQWUDVWWRWKHLQGLYLGXDOFKLUSSXOVHVWKHIUHTXHQF\PRGXODWLRQRIWKHHQWLUHSXOVH
WUDLQ OHDGV WR VLJQLILFDQW LQWUDSL[HO GHSKDVLQJ  7KH QHW VLJQDO LV QRZ VPDOO





































































IXOO EDQGZLGWK RI WKH LQGLYLGXDO SXOVHV  7KH SHULRGLF
G































+HQFH WKH OLQHDU JUDGLHQW WUDQVODWHV WKH SDUDEROD EXW GRHV QRW DIIHFW LWV VKDSH
GHWHUPLQHG E\ WKHZ
,



























OLQH±H[DPSOHSKDVHGLVWULEXWLRQ IRU W LH EHIRUH WKHPLGSRLQW RI WKH
HFKR
7KLV SKDVHPDWFKHV WKDW RI WKH UHVXOWDQW HFKRHV  
-
.
W   7KLV LV D UHDVRQDEOH
UHVXOW JLYHQ WKDW WKH UDWH RI FKDQJH RI SKDVH ZLWKLQ WKH SL[HO LV OHDVW DURXQG WKH
SDUDERODPLQLPXP0RVWRIWKHUHVXOWDQWVLJQDOFRPHVIURPVSLQVDURXQGWKLVSRLQW
+HUH WKH VSLQV LQWHUIHUH FRQVWUXFWLYHO\ DZD\ IURP WKLV SRLQW WKH VSLQV LQWHUIHUH
GHVWUXFWLYHO\
7KLVSLFWXUHRIWKHHYROXWLRQRISKDVHDFURVVDVLQJOHSL[HOFDQEHH[WHQGHGDFURVVWKH


























































KLJK IUHTXHQF\ WR WKH OHIW KDQG VLGH ORZ IUHTXHQF\ XQGHU WKH DFWLRQ RI WKH
UHIRFXVVLQJJUDGLHQW IRUSRVLWLYH.  ,Q WKLVZD\GLIIHUHQWSDUWVRI HDFKSL[HOZLOO
FRQWULEXWH WRHDFKHFKRDQGWKHHFKRSKDVHVZLOO IROORZWKHSKDVHVRI WKHPLQLPD
7KLVORFDOLVHGFRQWULEXWLRQIURPHDFKSL[HOLVYHU\VLPLODUWRVLQJOHSKDVH%8567LQ
ZKLFK D QDUURZ VWULS RI VSLQV LV H[FLWHGZLWKLQ HDFK SL[HO  $V WKH VSLQV LQ WKHVH
SHULRGLFDOO\GLVSODFHGVWULSVPRYHFROOHFWLYHO\LQWRSKDVHE\LQWHJHUPXOWLSOHVRIS
































































































































VPDOOHUGHSKDVLQJDFURVV WKHZKROH)R9ZKLFKFDQ LWVHOI OHDG WRVLJQLILFDQWVLJQDO
GURSRXW +RZHYHU WKHDGGLWLRQRI WKHVH WZRSKDVHYDULDWLRQVZRXOGQRW OHDG WRD
FXPXODWLYH ORVV LQ VLJQDO  ,Q IDFW E\ UHYHUVLQJ WKH GLUHFWLRQV RI WKH IUHTXHQF\
VZHHSVRI WKH FKLUSSXOVHVDQGSXOVH WUDLQPRGXODWLRQV WKHQHW GHSKDVLQJ FRXOGEH
UHGXFHGWKHWZRTXDGUDWLFFRHIILFLHQWVDUHRIRSSRVLWHVLJQDQGZLOOUHVXOWLQUHGXFHG
LQWUDSL[HO GHSKDVLQJ ZLWK D VOLJKW VKLIW RI WKH SDUDERODV¶ PLQLPD  +RZHYHU LQ
SUDFWLFH WKLV LV QRW QHFHVVDU\ VLQFH WKH TXDGUDWLF FRHIILFLHQWV RI WKH WZR SKDVH
YDULDWLRQVDUHDIHZRUGHUVRIPDJQLWXGHDSDUWIRU1¢ 1£ VHHHTXDWLRQV












VKRZV WKDW WKLV UHVXOWV LQ WKH FRQWLQXRXV VXSHUSRVLWLRQ RI WKH SKDVHV RI WKH SL[HO
SURILOHDQGWKHH[FLWDWLRQHQYHORSH  ,Q)LJXUHE WKHRUGHURI WKHPXOWLSOLFDWLRQ
DQG WKH FRQYROXWLRQ DUH UHYHUVHG LQ WKH 5) WUDLQ  7KLV HIIHFWLYHO\ UHYHUVHV WKH
VLWXDWLRQLQDDFRQWLQXRXVVXSHUSRVLWLRQRI WKHSKDVHVRI WKHSXOVHHQYHORSHDQG
WKHFKLUSSXOVHVUHVXOWVLQDGLVFUHWHVWHSSLQJRIWKHSKDVHEHWZHHQVXFFHVVLYHHFKRHV










6LPXODWLRQV ZHUH SHUIRUPHG RQ FKLUS SXOVHV WUXQFDWHG ZLWK GLIIHUHQW ZLQGRZLQJ








VLPXODWLRQ RI WKH %ORFK HTXDWLRQV  7KH SXOVHV LQYHVWLJDWHG ZHUH RI WKH ORZ IOLS



















































































































































 UHFWDQJXODU  [
þ









7KH UHFWDQJXODU ZLQGRZHG FKLUS SXOVH SURGXFHV D EURDG EXW MDJJHG H[FLWDWLRQ
SURILOH$+DPPLQJZLQGRZDFRVLQHIXQFWLRQoSZDVXVHGWRVPRRWKWKHSXOVH
FXWRII DQG FRQVHTXHQWO\ WR VPRRWK WKH H[FLWDWLRQ SURILOH DQG UHGXFH RXWRIEDQG
H[FLWDWLRQ7KHZLGWKRIWKHZLQGRZZDVYDULHGLQFRQMXQFWLRQZLWKWKHRYHUDOOSXOVH
GXUDWLRQWRSURGXFHSXOVHVRIWKHVDPHEDQGZLGWKDVREVHUYHGLQVLPXODWLRQV7KH
SHUIRUPDQFH RI H[DPSOH SXOVHV LV JLYHQ LQ 7DEOH  EHORZ  )RU FRPSDULVRQ D
WUXQFDWHG VLQFSXOVH QRW VKRZQDERYHZLWK DGXUDWLRQ DSSUR[LPDWHO\ HTXDO WR WKH
UHFWDQJXODUFKLUSSXOVHPVZDVXVHG7KHFHQWUDOOREHRIWKHVLQFZDVaPVLQ
GXUDWLRQPXFK VKRUWHU WKDQ WKH WUXQFDWLRQ HQYHORSH &RQVHTXHQWO\ WKH WUXQFDWLRQ
HQYHORSHUHVXOWHGLQDQDUURZFRQYROXWLRQNHUQHOLQWKHIUHTXHQF\GRPDLQIROORZLQJ
)RXULHUWUDQVIRUPZKLFKOHGWRVRPHULSSOLQJDFURVVWKHH[FLWDWLRQEDQGEXWGLGQRW




















7UXQFDWHGVLQF   
5HFWDQJXODUFKLUS  




7DEOH  DOVR JLYHV WKH UHODWLYH DPSOLWXGHV RI WKH SXOVHV DV GHWHUPLQHG ERWK IURP
VLPXODWLRQDQGIURPWKHRU\(TXDWLRQH[DFWH[SUHVVLRQ7KHVLPXODWLRQUHVXOWV
DJUHHYHU\FORVHO\ZLWKWKHWKHRU\6LQFHWKHWKHRU\LVRQO\VWULFWO\DFFXUDWHIRUWKH
LQILQLWH FKLUS IXQFWLRQ WKLV VKRZV WKDW WKH WUXQFDWLRQ RI WKH FKLUS SXOVHV KDV







UHYHUVHGSKDVHLQ UHODWLRQWR WKHFKLUSSXOVH 7KLVDSSUR[LPDWLRQKROGVEHVWZKHUH
WKHOLQHDUDSSUR[LPDWLRQDSSOLHVDQGIRUDXQLIRUPSKDQWRPRILQILQLWHH[WHQW+HUH
WKH SKDQWRP D VSKHULFDO GRSHGZDWHU SKDQWRP ILOOLQJ KDOI WKH )R9 LV FOHDUO\ QRW
XQLIRUPRYHUWKHH[FLWDWLRQEDQGZLGWKDQGDOVRH[WHQGVRQO\RYHUWKHFHQWUDOKDOIRI









FRXOGUHVXOW LQ WKHNLQGRIHIIHFWVREVHUYHG$GGLWLRQDOO\ DQ\HGG\FXUUHQWVZRXOG
GLPLQLVK VLJQLILFDQWO\ RYHU WKH PV GXUDWLRQ RI WKH HFKR WUDLQ DQG WKLVZRXOG LQ
WXUQDIIHFWWKHSKDVHIURPRQHHFKRWRWKHQH[W +RZHYHUZKHQDWUDLQRI%8567
HFKRHVDV LQDQ LPDJLQJH[SHULPHQWZDVH[DPLQHG WKHVDPHSKDVHYDULDWLRQZDV
VHHQRYHUDOOHFKRHVRIWKHWUDLQ7KHUHIRUHVLQFHQRFKDQJHZDVVHHQIURPRQHHFKR
WR WKHQH[W WKLVHGG\FXUUHQW H[SODQDWLRQZDVGLVPLVVHGDVDSRVVLEOH FDXVHRI WKH
SKDVHGHYLDWLRQV
7KHHIIHFWRI WKHSKDQWRPSURILOHZDVH[DPLQHG WKURXJKVLPXODWLRQV )RU ORZIOLS
DQJOHV WKH)RXULHU WUDQVIRUPFDQEHXVHG WRFDOFXODWH WKHPDJQHWLVDWLRQSURILOH DQG
WKH UHVXOWDQW HFKRHV  ,QLWLDO VLPXODWLRQV RI D UHFWDQJXODU SKDQWRP VKRZHG WKDW D
QDUURZSKDQWRPZRXOGLQGHHGEURDGHQWKHSKDVHYDULDWLRQRI WKHHFKRHVDQGDOVR
WKDW DQ DV\PPHWULF SKDQWRP LH RIIFHQWUH ZRXOG UHVXOW LQ DQ DV\PPHWULF HFKR
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7KH SHDN SRZHU UHTXLUHG LQ %8567 FDQ FDXVH SUREOHPV ZLWK FRQYHQWLRQDO 05
VFDQQHUVEXWZLWKFKLUSSXOVHVWKHVHTXHQFHEHFRPHVSUDFWLFDEOHHVSHFLDOO\DWKLJK
ILHOGV DQG IRU PLFURVFRS\ V\VWHPV  )UHTXHQF\ PRGXODWLRQ FDQ SURGXFH KLJK




SXOVHVGRHVQRW LWVHOI UHGXFH WKH WRWDO5)SRZHUKRZHYHU LW GRHV OHQG LWVHOI WR WKH

















RSWLPXP H[FLWDWLRQ SURILOHV  %\ FRQWUDVW WKH ORQJHU FKLUS SXOVHV FDQ EH SUHFLVHO\
VKDSHGDQGWKLVDOORZVIRUWKHSRVVLELOLW\RILPSURYHGH[FLWDWLRQSURILOHV
7KH TXDGUDWLF SKDVH RI WKH 5) SXOVH WUDQVIRUPV LQWR D TXDGUDWLF SKDVH RI WKH
PDJQHWLVDWLRQ IRU D SXOVH RI LQILQLWH GXUDWLRQ  +RZHYHU WKH WUXQFDWLRQ DQG
ZLQGRZLQJ RI WKH SXOVH OHDGV WR D TXDGUDWLFOLNH SKDVH DFURVV WKH H[FLWDWLRQ
EDQGZLGWKDQGRQO\ OLWWOHH[FLWDWLRQRXWVLGHRI WKLV UHJLRQ /LNHZLVH WKHSKDQWRP







































%8567 LV D WHFKQLTXH UHTXLULQJ D KLJK H[FLWDWLRQ EDQGZLGWK FRPSDUHGZLWK RWKHU
LPDJLQJVHTXHQFHV7\SLFDOO\DQ5)EDQGZLGWKRIN+]LVUHTXLUHGLQ%8567
DVRSSRVHGWRN+]IRUVOLFHVHOHFWLYHH[FLWDWLRQLQWHFKQLTXHVVXFKDV(3,7KHUH
DUH WZRPDMRU FRQVHTXHQFHVRI WKLV ERWKRIZKLFK FUHDWHSUREOHPVSDUWLFXODUO\ DW

















SXOVH  $OVR WKH JUDGLHQW EHWZHHQ SXOVHV FDQ EH LQFUHDVHG DQG WKH LQWHUSXOVH
GXUDWLRQ GHFUHDVHG VR WKDW WKH RULJLQDO SXOVH WUDLQ GXUDWLRQZLOO EHPDLQWDLQHG  ,Q
SUDFWLFH LW LV HDVLHU WR LPSOHPHQWD VPRRWKO\YDU\LQJ JUDGLHQW WRSURGXFH DSDUWLDO
UHGXFWLRQLQEDQGZLGWK
(DFK5)SXOVHRIWKHWUDLQKDVWREHDOWHUHGWRJLYHDVJRRGDUHVSRQVHZLWKWKHWLPH
YDU\LQJ JUDGLHQW DVZLWK WKH FRQVWDQW JUDGLHQW  7KLV FDQ EHPRVW VLPSO\ DFKLHYHG

XVLQJ WKH 9(56( WUDQVIRUP >@  ,Q IDFW WKH 9(56( SULQFLSOH SURYLGHV D PRUH
JHQHUDOH[SODQDWLRQRIWKHPHWKRGRIWKHRVFLOODWRU\JUDGLHQWLQ%8567E\YLHZLQJ
WKHWHFKQLTXHDVD WUDQVIRUPRI WKHHQWLUHSXOVHWUDLQ WKHUHQHHGEHQRUHIHUHQFH WR
WKHPRWLRQRIWKHVSLQV
$GGLWLRQDOO\WKHSHDNSRZHULVUHGXFHGE\WKLVWHFKQLTXH,WFDQEHXVHGRQLWVRZQ






WKH DOWHUQDWH VWHSV RI QXWDWLRQ DQG SUHFHVVLRQ RI WKH 5) WUDLQ ZDV GHVFULEHG VHH
6HFWLRQ 6SLQVRQ UHVRQDQFH DUH WLSSHGGRZQ WR WKH WUDQVYHUVHSODQHE\ WKH
FXPXODWLYH DFWLRQRI WKHSXOVHV DQG VLPLODUO\ DW KDUPRQLF RIIVHW IUHTXHQFLHV VSLQV
DUH DOVR WLSSHG IXOO\ GRZQ E\ WKH SXOVHV  $W LQEHWZHHQ IUHTXHQFLHV ZKHUH WKH
SUHFHVVLRQLVQRWDZKROHQXPEHURIF\FOHVDUHGXFHGIOLSDQJOHUHVXOWV
,Q WKLV LGHDOLVHG GHVFULSWLRQ RI WKH VSLQV¶ PRWLRQ WKH SHULRGV RI QXWDWLRQ DQG





,Q SUDFWLFH WKH JUDGLHQW QHHG RQO\ EH VZLWFKHG ORZ UDWKHU WKDQ RII GXULQJ WKH5)
SXOVHV DV VKRZQ LQ )LJXUH LL EHORZ WR JLYH PRUH WKDQ HQRXJK EDQGZLGWK
UHGXFWLRQ7KHUHVSRQVHRIWKHVSLQVWRWKH5)SXOVHVFDQEHNHSWXQFKDQJHGLIWKH
5) GXUDWLRQ LV VFDOHG LQYHUVHO\ ZLWK DQG WKH DPSOLWXGH VFDOHG GLUHFWO\ ZLWK WKH
JUDGLHQW  $ SXOVH RI WZLFH WKH GXUDWLRQ DQG KDOI WKH DPSOLWXGH DQG JUDGLHQW ZLOO
SURGXFH WKH VDPH UHVSRQVH DV WKH RULJLQDO SXOVH  6LPLODUO\ WKH SUHFHVVLRQ LQ

EHWZHHQ5)SXOVHVLVGHWHUPLQHGE\WKHWLPHLQWHJUDORIWKHJUDGLHQWDQGVRDKLJKHU





OHVVGHPDQGLQJRQ WKHJUDGLHQWVNHHSHGG\FXUUHQWV WRDPLQLPXPDQG UHGXFH WKH
FRQWULEXWLRQV IURP KLJKHU KDUPRQLFV WR WKH DFRXVWLF QRLVH  (DFK 5) SXOVH LV
SRVLWLRQHGRYHUDJUDGLHQWPLQLPXPDQGWKHSHULRGRIWKHVLQHZDYHLVHTXDOWRWKH
SXOVHVSDFLQJ,QWKLVPHWKRGWKHSXOVHFDQQRWUHDGLO\EHVWUHWFKHGDQGVFDOHGDVIRU





9(56( YDULDEOHUDWH VHOHFWLYH H[FLWDWLRQ >@ LV WKH QDPH RI D VWUDLJKWIRUZDUG
WHFKQLTXHIRUWUDQVIRUPLQJDVSDWLDOO\VHOHFWLYHSXOVHDQGJUDGLHQWLQWRDQDOWHUQDWLYH
SXOVHDQGJUDGLHQWZKLFKDUHW\SLFDOO\FKRVHQWRKDYHDORZHU6$5WKDQWKHRULJLQDO
VHTXHQFH  ,WGUDZVDQDGGLWLRQDOGHJUHHRI IUHHGRP LQWRSXOVHGHYHORSPHQW DQG LW
















7KH EDVLF LGHD LV VLPLODU WR WKDWPHQWLRQHG DERYH ± D SXOVH FDQ EH VWUHWFKHG DQG
VFDOHGLQSURSRUWLRQWRWKHJUDGLHQWWR\LHOGDQRWKHUSXOVHDQGJUDGLHQWZLWKWKHVDPH





























GRZQVR WKDW WKHSURGXFW LVXQFKDQJHG  ,I WKHDPSOLWXGHRI WKH5) LV ORZHUHG WKH
WRWDOSRZHUZLOODOVREHORZHUHG
6WDUWLQJ ZLWK D SLHFHZLVH GHILQLWLRQ RI DQ 5) SXOVH HDFK HOHPHQW FDQ EH
LQGHSHQGHQWO\VFDOHGWRJHWKHUZLWKWKHFRUUHVSRQGLQJJUDGLHQWHOHPHQWZKLFKDOORZV
IRUWKHZKROHSXOVHWREHWUDQVIRUPHGDFFRUGLQJWRVRPHSUHGHILQHGFRQVWUDLQWHJ
PLQLPXP 6$5 IRU D IL[HG GXUDWLRQ  ,Q %8567 WKH FRQVWDQW JUDGLHQW LV WR EH
UHSODFHG ZLWK DQ RVFLOODWRU\ JUDGLHQW WKH DPSOLWXGH DQG SHULRG RI ZKLFK ZLOO








UHGXFWLRQV LQ6$5  ,I D WUDQVIRUPHGSXOVH ILOOV RQO\ WKHPLQLPXP LQ WKH JUDGLHQW
RVFLOODWLRQLWZLOOKDYHDORZHUQHWSRZHUWKDQDSXOVHZKLFKVSLOOVDFURVVWKHULVLQJ
HGJHVRIWKHJUDGLHQWDQGKHQFHRSWLPDOJDLQVUHVXOWIURPWKHVKRUWHVWSXOVHV7KH
EHQHILWV RI WKH WZR WHFKQLTXHV FDQ EH VHW DJDLQVW RQH DQRWKHU WR IRUPXODWH D SXOVH
PHHWLQJERWK WKH V\VWHPDQG6$5FRQVWUDLQWV  ,QSUDFWLFH DW 7 LWZDV IRXQG WKDW
WKHVHUHTXLUHPHQWVGLGQRWUHVWULFWWKHIRUPXODWLRQRIWKHSXOVHVDQGWKHUHZDVDPSOH
VFRSHLQWKHSRVVLEOHFKRLFHVRIFKLUSDQGJUDGLHQWSDUDPHWHUV
&RQQROO\HWDO >@XVHG9(56(WRPLQLPLVH WKH6$5RIDSXOVHZKLOHNHHSLQJ LWV
GXUDWLRQFRQVWDQW6XFKRSWLPLVHGSXOVHVZHUHVKRZQWRKDYHFRQVWDQWPDJQLWXGH,W
LVLQWHUHVWLQJWRQRWHWKHUHIRUH WKDW WKHKLJKO\XQLIRUPFKLUSSXOVHVDUH WKHPVHOYHV
DOPRVWPLQLPXP6$5SXOVHVWKDWLVWKHUHFDQRQO\EHDVPDOOIXUWKHUUHGXFWLRQLQ
6$5WKURXJKDQRSWLPLVHG9(56(WUDQVIRUPVXEMHFWWRWKHFRQVWUDLQWRIDFRQVWDQW
SXOVH GXUDWLRQ  ,W PLJKW EH H[SHFWHG WKDW WKH VZLWFKHG JUDGLHQW PHWKRG )LJXUH
LLZLOO UHVXOW LQD ORZHUSRZHUGHSRVLWLRQ WKDQ WKHRVFLOODWRU\JUDGLHQWPHWKRG
)LJXUH LLL IRU D JLYHQ GXUDWLRQ RI UHIDEULFDWHG FKLUS SXOVH  9(56(
WUDQVIRUPDWLRQ ZLWK WKH VZLWFKHG JUDGLHQW ZLOO UHVXOW DJDLQ LQ FKLUS SXOVHV VWLOO
XQLIRUPEXWRIORQJHUGXUDWLRQZKHUHDVZLWKWKHRVFLOODWRU\JUDGLHQWWUDQVIRUPDWLRQ
ZLOO OHDG WR D URXJKO\ VLQXVRLGDO SXOVH SURILOH UHIOHFWLQJ WKH JUDGLHQW HQYHORSH
+RZHYHU LWZDV REVHUYHG WKDW WKLVZDV QRW QHFHVVDULO\ FRUUHFW  ,QGHHG WKH SXOVH
VKRZQLQ)LJXUHLQ6HFWLRQEHORZKDVDORZHUSRZHUWKDQDSXOVHGHULYHGIRU
D VZLWFKHG JUDGLHQW QRW VKRZQ  ,Q JHQHUDO ZKHWKHU RU QRW WKLV LV WKH FDVH ZLOO
GHSHQGRQWKHWUXQFDWLRQRIWKHFKLUSSXOVHDQGLWVGXUDWLRQ
$V D ILQDO FRPPHQW WKH9(56( SULQFLSOH SURYLGHV D FRPSOHWH H[SODQDWLRQ RI WKH
RVFLOODWRU\JUDGLHQWPHWKRGZLWKRXWQHHGWR UHIHU WRQXWDWLRQDQGSUHFHVVLRQ 7KLV
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LPDJHG µFRURQDOO\¶  7KH IXOO SDUDPHWHUV WRJHWKHUZLWK D VHW RI LPDJHV DUH JLYHQ
EHORZ
7DEOH([SHULPHQWDOSDUDPHWHUV
D E F G
H I J K
)LJXUH0XOWLVOLFHLPDJHVRIDKXPDQIRRWUHDGRXWJUDGLHQWDFURVVWKHSDJH
7KHPHDVXUHG6$5 UHGXFWLRQZDV JUHDWHU WKDQ WKDW SUHGLFWHG 7KH6$5 ILJXUH LQ
7DEOHLVEDVHGRQWKHGLIIHUHQFHLQWKHPHDVXUHGSHDNSRZHUVRIWKHWZRSXOVHV
7KHVH ZHUH UHDG IURP WKH GLJLWDO GLVSOD\ RQ WKH 5) DPSOLILHU DV WKH SXOVHV ZHUH
DSSOLHG7KHUHDGLQJHUURUVTXRWHGRQWKHVHPHDVXUHPHQWVGRQRWUHIOHFWWKHVKRWWR


















HUURUV  7KLV FRXOG H[SODLQ WKH GLVFUHSDQF\ EHWZHHQ WKH 6$5 ILJXUHV  1R LPDJH
DUWHIDFWVZHUHREVHUYHGZLWKWKLV WHFKQLTXH +RZHYHU WKHKLJKIUHTXHQF\JUDGLHQW
RVFLOODWLRQV LQWURGXFHKLJKSLWFKQRLVH WR WKH VHTXHQFH  ,WZDV IRXQG WKDW HYHQ IRU




DVVRFLDWHGZLWK KLJK ILHOG %8567 LPDJLQJ  7KH UHGXFWLRQ LQ WRWDO SRZHU FDQ EH
FRQWUROOHGWKURXJKWKHDPSOLWXGHRIWKHRVFLOODWLRQ$VPRRWKO\YDU\LQJHQYHORSHLV
HPSOR\HGZKLFKPLQLPLVHVDQ\HGG\FXUUHQWV $QRWKHUEHQHILWRI WKLV WHFKQLTXHLV
WKDW LW UHGXFHV WKH SHDN SXOVH SRZHU DQRWKHU FRQVWUDLQLQJ IDFWRU DW KLJK ILHOGV
$GGLWLRQDOO\WKHFKLUSSXOVHRIWKHSUHYLRXVFKDSWHUFDQEHXVHGLQFRQMXQFWLRQZLWK
WKLV WHFKQLTXH ZKLFK ZLOO JLYH JUHDWHU FRQWURO VWLOO RYHU WKH SXOVH 6$5 DQG SHDN

















%8567 LV KLQGHUHG E\ D ORZ 615 FRPSDUHG ZLWK RWKHU IDVW WHFKQLTXHV ZKLOH
VXIIHULQJIURPWKHFRPPRQSUREOHPRIDKLJKDFTXLVLWLRQEDQGZLGWK,WZDVH[SHFWHG
WKDW WKHKLJKHU ILHOG LQ1RWWLQJKDPZRXOG OHDG WR LPSURYHPHQWV LQ615FRPSDUHG
ZLWKWKDWSUHVHQWHGLQSXEOLFDWLRQVRIZRUNDWORZHUILHOGV $W7WKHKLJKHVW615
REWDLQHG IURPKXPDQEUDLQ LPDJHVZDV IRXQG WREH DSSUR[LPDWHO\ZKLFK IDOOV
VKRUWRIWKH615VUHSRUWHGLQVRPHHDUOLHUZRUNFDUULHGRXWDWMXVW7+RZHYHULW









D VHW RI SKDQWRP LPDJHV LW ZDV IRXQG WKDW ERWK VHTXHQFHV JDYH D VLPLODU 615
FRQWUDU\ WR H[SHFWDWLRQV  +RZHYHU LQ JHQHUDO (3, LPDJHV RI WKH KXPDQ EUDLQ
DFTXLUHGRQWKHVFDQQHUKDYHDKLJKHU615WKDQWKHILJXUHRIIRU%8567DERYH
7KHUHIRUH WKLVVXJJHVWV WKDW WKH ORZ615 LV LQSDUWGXH WR WKHKDUGZDUH  ,W LVQRW
FOHDUZKHWKHUWKHH[SHFWHGJDLQVIURPKLJKHUILHOGVDUHIXOO\UHDOLVHG
7KH DOWHUQDWLYH DPSOLWXGH DQG SKDVH PRGXODWLRQV ZKLFK KDYH EHHQ GHYHORSHG
SURYLGH DPRGHVW LPSURYHPHQW WR WKH VLJQDO  $PSOLWXGHPRGXODWLRQ RI WKH SXOVH

WUDLQ LQ FRPELQDWLRQZLWK H[LVWLQJ SKDVHPRGXODWLRQV KDV EHHQ VKRZQ WR SURYLGH
VPDOOJDLQV LQVLJQDO 7KHQRYHO FRPELQHGDPSOLWXGHDQGSKDVHPRGXODWLRQVKDYH
EHHQ VKRZQ WR RIIHU D PXFK PRUH YHUVDWLOH PHWKRG IRU FRQWUROOLQJ WKH HFKR
DPSOLWXGHV  0RGHVW VLJQDO LPSURYHPHQWV FDQ EH REWDLQHG ZLWK OLWWOH ORVV RI
UHVROXWLRQZKLOHPXFKODUJHUVLJQDOJDLQVDUHSRVVLEOHEXWRQO\ WR WKHGHWULPHQWRI
WKH UHVROXWLRQ  $ FRPSURPLVH FDQ EH FKRVHQ GHSHQGLQJ RQ WKH DSSOLFDWLRQ LQ
TXHVWLRQ
([SHULPHQWVZHUH FDUULHG RXW WR GHWHFW EUDLQ DFWLYDWLRQ LQ UHVSRQVH WR DQ DFRXVWLF
VWLPXOXVXVLQJDQH[LVWLQJSURWRFRO6SLQHFKRHVZHUHDFTXLUHGWRJLYH7ÈFRQWUDVW
ZKLFKSURGXFHVDPRUHVSDWLDOO\SUHFLVHUHVSRQVHEXWDWDORZHURUGHURIPDJQLWXGH
VLQFHLW LVGHSHQGHQWRQO\RQWKHGLIIXVLRQRIZDWHUPROHFXOHV LQ WKHORFDOLVHGILHOG
JUDGLHQWV7KHSURFHVVHGGDWDVKRZHGSRVVLEOHFOXVWHUVRIDFWLYDWLRQLQWKHUHOHYDQW
SDUW RI WKH EUDLQ  +RZHYHU WKH GDWD ZDV QRLV\ DQG LW ZDV XQFOHDU ZKHWKHU WKH
DSSDUHQWDFWLYDWLRQZDVVLJQLILFDQW,WZRXOGEHXVHIXOWREHDEOHWRXVH%8567IRU






ZKHUH1É LV WKHQXPEHURI'$17(SXOVHV LQ SHDN SRZHU  ,WZDV VKRZQ WKDW WKH
LQWURGXFWLRQRIFKLUSSXOVHVLQWRWKH%8567VHTXHQFHGRHVQRWUHVXOWLQVLJQDOORVV
ZKLFK KDV XVXDOO\ SUHFOXGHG WKHLU LPSOHPHQWDWLRQ LQ FRQYHQWLRQDO LPDJLQJ
VHTXHQFHV7KHTXDGUDWLFOLNHSKDVHDORQJWKHUHDGRXWGLUHFWLRQFDQEHFRUUHFWHGIRU
LI UHTXLUHG KRZHYHU WKH PRGXOXV LPDJHV ZHUH QRW DIIHFWHG  :KHQ XVHG LQ
FRPELQDWLRQ ZLWK VRPH RI WKH SKDVH PRGXODWLRQ VFKHPHV DQ DSSHDOLQJ GRXEOH
TXDGUDWLF SKDVH SURJUHVVLRQ UHVXOWV  WKH SKDVHV RI WKH LQGLYLGXDO SXOVHV DQG WKH
SKDVHPRGXODWLRQ RI WKH SXOVH WUDLQ DUH ERWK TXDGUDWLF  7KLV SHDN SRZHU SUREOHP
DIIHFWVERWK WKHH[LVWLQJSKDVHPRGXODWLRQ%8567VHTXHQFHV DVZHOO DV WKHPRUH
GHPDQGLQJFRPELQHGPRGXODWLRQVH[SORUHG LQ&KDSWHU $WKLJKHU ILHOG WKHSHDN

SRZHUZLOO EH JUHDWHU WKDQ WKDW UHTXLUHG DW 7 DQG FKLUS SXOVHVZLOO EH RI JUHDWHU
LPSRUWDQFHVWLOO
7KH SUREOHP RI WKH WRWDO 5) SRZHU GHSRVLWLRQ KDV EHHQ RYHUFRPH ZLWK WKH
LQWURGXFWLRQRID WLPHYDU\LQJJUDGLHQW $W7 WKH5)SRZHUDSSURDFKHG WKH6$5
OLPLW DQG DW KLJKHU ILHOGV WKH 5) SRZHU ZRXOG EH HYHQ JUHDWHU  7KH RVFLOODWRU\
JUDGLHQWZDV VKRZQ WREH DEOH WR JLYH UHGXFWLRQV LQ5)SRZHU RI RYHU  7KH
UHVSRQVH RI WKH VSLQV ZDV XQFKDQJHG IROORZLQJ WKH 9(56( WUDQVIRUPDWLRQ RI WKH










IRXQGWKDW WKHHFKRHVEHJDQ WRVSUHDGRXWZLWKVXFFHVVLYH UHIRFXVVLQJ 7KLVHIIHFW
DURVH GXH WR HGG\ FXUUHQWV LQ WKH VWUXFWXUHV RI WKHPDJQHW DQG LW ZDV SRVVLEOH WR
FRUUHFWLWZLWKWKHSUHHPSKDVLVXQLW7KHPDLQGLIILFXOW\HQFRXQWHUHGZDVWKHVKRW
WRVKRWYDULDELOLW\LQWKHSRVLWLRQVRIWKHHFKRHV7KLVLQVWDELOLW\WKHVRXUFHRIZKLFK
ZDVQRW WUDFHGPHDQW WKDW LWZDVQRWSRVVLEOH WR FRUUHFW IRU WKHYDULDWLRQV DQG WKH
WHFKQLTXHZDVQRWSXUVXHGIXUWKHU
(GG\FXUUHQWVUHVXOWLQJIURPWKHH[FLWDWLRQDQGUHDGRXWJUDGLHQWVZHUHDQLVVXHLQ
DOO WKH H[SHULPHQWV  ,W ZDV IRXQG WKDW UDPSLQJ WKH JUDGLHQW PRUH JHQWO\ GLG QRW
LPSURYHWKLVHIIHFW+RZHYHULQWKHPDLQLWZDVSRVVLEOHWRVXFFHVVIXOO\FRPSHQVDWH
IRUWKLVZLWKWKHSUHHPSKDVLVXQLW
,Q VXPPDU\ LQ WKLV ZRUN %8567 KDV QRW VR IDU SURYHG WR EH D SUDFWLFDO URXWLQH





VHTXHQFH  ,WV LPSOHPHQWDWLRQ DW KLJKHU ILHOGV LV QRZ IHDVLEOH +RZHYHU LWPLJKW
QHFHVVDULO\EHFRPHDQDFRXVWLFDOO\QRLV\WHFKQLTXHLQ6$5OLPLWHGDSSOLFDWLRQV  ,W
FRXOGEHRIPRVWXVHDVDPXOWLSO\UHIRFXVVHGWHFKQLTXHXVLQJVKRUWHU WUDLQVRI5)
SXOVHVRIKLJKHUDPSOLWXGH 0RUHVSHFLILFDOO\ LWPLJKW ILQGXVHLQDPXOWLHOHPHQW
H[FLWDWLRQ $0DJLOO DQG 3 *ORYHU0XOWLSOH H[FLWDWLRQ VWUDWHJLHV IRU LPDJLQJ DW
XOWUDKLJK ILHOG (6050% &RSHQKDJHQ  ZKLFK FDQ EH XVHG WR WDFNOH WKH
ZDYHOHQJWKHIIHFWVHQFRXQWHUHGDWKLJKHUILHOGV
